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 Chapter 1 
 
Introduction 
 
Abstract 
Our highly industrialized society is always in search of ways to reduce or control 
friction and wear of materials.  CVD diamond coatings are a potential solution 
for these problems. The scarcity and high cost of natural diamond have 
motivated researchers to attempt to synthesize diamond ever since it was 
discovered that diamond is an allotrope of carbon. This introductory chapter 
gives a brief summary on the allotropes of carbon and outlines the history of 
diamond synthesis. Then, the properties and applications of diamond are shortly 
listed and the motivation for the present work is described. Finally, an overview 
of the work described in this thesis is presented.  
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1.1. Carbon and its allotropes 
Endeavors to synthesize diamond began as soon as it was recognized that 
diamond is the high pressure form of carbon. In 1777, Antonie Lavoisier 
demonstrated that diamond is made of carbon, which was confirmed 20 years 
later by an English chemist Smithson Tennant. This discovery shed some light 
into understanding the nature of this material. However, it was not until the 
discovery of X-rays, that the exact differences between diamond and graphite, 
both composed of pure carbon, were understood [1]. Carbon exists in several 
different crystalline and amorphous solid forms called as allotropes. More than 
eight allotropes of carbon have been discovered so far:  graphite, diamond, 
lonsdaleite, amorphous carbon (coal, soot and diamond like carbon (DLC)), 
fullerene and carbon nanotubes, to name a few. These allotropes exhibit a range 
of properties. For example, graphite is a soft, opaque, lubricious material while 
diamond is hard, transparent and abrasive. This difference in properties of these 
materials is determined by the nature of the chemical bonds and structures.  
 
 
 
 
Figure 1. Structure of (a) diamond and (b) graphite.  
All carbon allotropes and compounds are formed by the three hybrid orbitals (sp, 
sp2, and sp3) of carbon. Diamond is a crystalline form of carbon comprised solely 
of sp3 hybridized orbitals, while graphite, fullerene and carbon nanotubes consist 
of carbon with sp2 hybridization. In the diamond lattice structure, hybrid sp3 
(a) (b) 
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orbitals form strong covalent bonds with four neighbouring carbon atoms, 
tetrahedrally arranged with equal angles of 109º 28’ to each other. This three-
dimensional network of covalent bonds gives diamond its unique hardness and 
resistance to wear. In the graphite crystal structure, each carbon atom combines 
with its three neighbors by sp2 covalent bonds with a bond order of 1.5. These 
atoms are arranged in planar sheets of continuous hexagonal structures stacked 
in parallel planes. These in-plane C-C bonds of graphite are stronger than those 
of diamond. The fourth bond is not localized, but contributes to the stability of 
the planar hexagonal structure. The adjacent planes of the graphite are held 
together by the weaker Van der Waals force, which gives the lubricant nature to 
the graphite. The structure of diamond and graphite are shown in Fig. 1 and 
some interesting properties of diamond and graphite are summarized in Table 1.  
Table 1. A comparison of properties of diamond and graphite. 
Property Diamond  Graphite 
C-C bonding 
 
Bond energy 
 
Crystalline form 
 
Transparency 
Covalent sp3 
 
711 kJ / mol 
 
Cubic and hexagonal 
 
From UV to IR range 
Covalent sp2 and Van der Waals 
 
524 kJ/mol and 7 kJ/mol 
(Van der Waals) 
Hexagonal and rhombohedral 
 
 
Opaque 
Carbon also occurs in various amorphous forms. Parallel to the developments in 
synthesis of diamond, very important advances in the field of disordered carbons 
were also taking place. Diamond-like carbon (DLC) is a very important form of 
amorphous carbon. DLC films mainly consist of combination of four-fold 
coordinated sp3 sites, as in diamond, and the three-fold coordinated sp2 sites, as 
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in graphite. This hybridization is present in short-range order in these films, 
thereby exhibiting the amorphous nature. The first DLC thin films are 
synthesized by Aisenberg and Chabot [2] using ion beam deposition.  Now, a 
wide range of deposition methods, such as sputtering, pulsed laser deposition, 
cathodic arc deposition and plasma assisted chemical vapour deposition etc., are 
available to synthesize DLC films [3, 4]. Unlike diamond, these films can be 
deposited at room temperature, which is a very practical advantage over 
diamond coatings as it offers the possibility to coat a range of substrates. 
Depending on the deposition methods and carbon sources, variety of DLC films 
can be prepared. Thus, depending on the deposition methods, the properties will 
also change. Basically, sp2 and sp3 bondings are the dominant bonds present in 
any DLC films. Trace amounts of sp1 bonding are also feasible under certain 
deposition conditions [4].  If the sp3 C-C bonding is dominant, the films are 
diamond-like whereas, with a predominant sp2 bonding, films are graphite-like. 
The deposition method, hydrogen content and amount of doping determine the 
amount of sp3 and sp2 content in the film. If the films are derived from a 
hydrocarbon source (such as acetylene or methane) then large amounts of 
hydrogen may also be present within their structures. Based on these factors, the 
DLC films are classified into several kinds, namely hydrogenated amorphous 
carbons (a-C:H), hydrogen free amorphous carbon (a-C), hydrogenated 
tetrahedral amorphous carbon (ta-C:H) and hydrogen free tetrahedral 
amorphous carbon (ta-C). 
The properties of DLC films are very similar to diamond with regard to greater 
hardness, excellent wear resistance, chemical inertness, high electrical resistance 
and the high optical transparency in the IR spectral range. Furthermore, its 
properties can be tuned by varying the sp3 content, the organization of the sp2 
sites, and the hydrogen content. This makes DLC ideal for a variety of different 
applications such as antireflective coating, wear resistant coating, corrosion 
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resistant coating for biomedical applications, etc. A major drawback of DLC films 
is that they have high internal compressive stresses. This reduces their adhesion 
to the substrate and prevents the growth of thick films. Another disadvantage is 
that DLC coatings are thermally unstable at temperatures higher than 300 °C. 
The hardness of the coatings drastically drops with temperature and increase in 
sp2 and decrease in sp3 bonding structure take place due to graphitization. 
Nevertheless, DLC coatings, with their own merits and demerits like every other 
coating, have aroused tremendous interest among the scientific community 
during the last few decades.  
1.2. Natural diamond 
The natural diamond gemstones are formed at a depth of about 150 to 200 
kilometer below the surface of the earth, where the necessary high pressure and 
high temperature conditions for the formation of diamond (45-60 kbar and 900 - 
1300 °C) are met. There, the carbon dissolved in silicate magma can crystallize as 
diamond. After growth, these naturally occurring diamonds are transported to 
the surface of the earth by the volcanic eruptions. Natural diamonds are 
classified into four types based on the impurity incorporation, with nitrogen 
being the most common impurity found in diamonds. The nitrogen atoms are 
incorporated in the diamond lattice either in aggregated form or as a single 
substitutional defect. These are referred to as type Ia and Ib diamond, 
respectively. Nitrogen (and to a lesser extent boron and hydrogen), along with 
point and extended defects, cause absorptions in the visible spectrum, which 
give rise to colouration. Very pure colourless diamond crystals are called type IIa 
diamonds, which contain little (very low ppm level) or no nitrogen and are 
considered as impurity free, whereas type IIb diamond contains substitutional 
boron atoms and possess p-type semiconducting properties.  
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1.3. Diamond synthesis – An overview 
The scarcity and the high cost of natural diamonds drove people to find ways to 
synthesize diamond artificially. The first attempts were based on simulating the 
conditions under which natural diamond is formed in the interior of the earth, 
but initially these were unsuccessful. The first successful syntheses were 
achieved in Sweden by AESA and in the United States by General Electric in 1955 
[5]. Diamond was synthesized by the high pressure and high temperature 
(HPHT) technique, where graphite is mixed with a metal such as Fe and Ni. 
Under the given conditions, graphite dissolves into the molten metal and 
crystallizes as diamond. Later, direct conversion of graphite to diamond also 
became feasible [6]. Nevertheless, the activation energy for the solvent assisted 
conversion of graphite into diamond is much lower than direct conversion. For 
example, the direct transformation of graphite to diamond is achieved at a 
pressure of 130 kbar and at a temperature of 1200 ºC, while Fe-Ni solvent assisted 
conversion can proceed at 50 kbar and 1200 ºC [6, 7]. The metal solvent acts as a 
catalyst and lowers the activation energy for the conversion of graphite to 
diamond. Presently, diverse catalyst materials are available for this purpose. The 
transition metals of group VIII elements, such as Fe, Co and Ni are the ones that 
are mostly used for this purpose, but alloys of carbide forming elements (Ti, Zr, 
Hf, V, Nb, Mo, W) can also be applied. Graphite is the thermodynamically stable 
form of carbon at room temperature and pressure. Diamond is only 
thermodynamically more stable than graphite at high pressures, for instance at 
pressures exceeding 40 kbar at a growth temperature of 1300 °C. However, once 
diamond is formed, the activation barrier for the transformation of diamond to 
graphite is very high (730 kJ mol-1) and this conversion is therefore kinetically 
unfavourable. Hence, diamond will remain in a meta-stable state at room 
temperature and pressure without converting to graphite.  
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Soon after the discovery of diamond synthesis by the HPHT process, another 
breakthrough to synthesize diamond followed. Eversole, employed at Union 
Carbide USA, was able to synthesize diamond at low pressure from the vapour 
phase [5, 8]. He proved the possibility of homoepitaxial diamond growth by the 
decomposition of  a carbon-bearing gases (CO, X-CH3, etc.) pyrolytically in the 
vicinity of diamond seed crystals, which were heated to a temperature of 1000 ºC 
at low pressure. These experiments, referred as chemical vapour deposition 
(CVD), resulted in little diamond growth along with enormous amounts of black 
graphite deposits and therefore needed to be interrupted regularly to etch away 
the graphitic deposits. Works complimentary to this discovery performed by 
various groups [9-12] led to major advancements in the synthesis of diamond 
films on both diamond and non-diamond substrates. A revolutionary change in 
technology was brought about when the role of atomic hydrogen in etching 
away the graphitic phases was realized [9, 10, 13-21]. This recognition of the 
crucial role of atomic hydrogen led to the first successful growth of diamond 
crystals on non-diamond substrates at a reasonable growth rate.  
Over the last few decades, many researchers have demonstrated different ways 
to grow diamond films by CVD, and numerous synthesis methods for producing 
diamond films exist today based on surprisingly simple procedures. The basic 
concept of all these CVD methods is the same: namely the use of an activated gas 
phase mixture composed of carbonaceous compounds and a non diamond 
carbon etchant. A large variety of carbon-containing gases can be employed, 
including methane, aliphatic and aromatic hydrocarbons, alcohols, ketones, 
amines, ethers etc. Carbon monoxide and methane are the most frequently used 
reagents. In addition to these carbon carriers, the gas phase contains powerful 
non-diamond carbon etchants and surface site preparation species such as 
hydrogen, oxygen, or fluorine atoms. A number of reactant products will be 
produced by means of this activation.  These reactive species are transported to 
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the substrate area. Here, diamond and non-diamond carbon phases are formed 
as a result of the reactions at the gas-substrate interface along with the 
simultaneous etching of graphitic phases by, for instance, atomic hydrogen. 
Activation of the gas mixture can be achieved using a hot filament or by plasma 
discharges. In the present study, hot filament assisted CVD using a methane 
hydrogen gas mixture was employed to synthesize diamond films on high speed 
steel substrates. 
1.4. Properties and applications of diamond 
The dense structure and very strong chemical bonding of the carbon atoms in 
diamond contribute to the unique properties of this material. The hardness, bulk 
modulus, atomic density, thermal conductivity and sound velocity of diamond 
are higher than that of any other known material. Some of the properties of 
diamond are listed in Table 2 [1, 22, 23]. The developments in CVD deposition of 
diamond coatings have opened the door to a great number of applications in 
various fields.  
In optics and electronics, diamond is used as a window, semiconductor or heat 
sink materials. Its high tensile strength and low atomic number make it a suitable 
material for X-ray detector windows. Diamond is also used for making 
transparent windows in other regions of the electromagnetic spectrum, because 
of its broad optical transparency (from UV to far IR) and radiation resistance. Its 
large band gap makes it applicable in photonic devices. Because of the possibility 
of p-type doping, it is also used in semiconductor devices, by virtue of its high 
dielectric strength, high thermal conductivity, good temperature and radiation 
resistance, high power capacity and low saturation resistance. The very high 
thermal conductivity of diamond, combined with its high electrical resistivity 
and low coefficient of thermal expansion is exploited for making heat sinks.  
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Table 2. A list of selected properties of diamond. 
Young’s modulus 
Hardness 
Poisson’s ratio 
Density 
Coefficient of thermal Expansion (CTE) 
 
Thermal conductivity 
Coefficient of friction (COF) 
~ 1000 GPa 
60 - 100 Gpa 
0.1 
3.52 g / cm3 
1 ± 0.2 × 10 -6  K−1 (at 300 K) 
4.4 ± 0.1 × 10 -6  K−1 (at 700 K) 
2.10 × 106 Wm−1 K−1 
0.05 - 0.15 
Another group of important applications include those that utilize the excellent 
mechanical properties of diamond such as high hardness, high wear resistance, 
low coefficient of friction along with its high thermal conductivity and chemical 
inertness. The field of tribology can take advantage of the lubricating, wear, 
erosion and corrosion resistant CVD diamond coatings. Diamond coatings find 
excellent use in the surface protection of grinding and cutting tools such as 
inserts, twist drills, industrial knives, surgical scalpels, etc. and wear parts such 
as bearings, pump seals and a variety of engineering components.  Surface wear 
is defined as the deformation and loss of surface material as the result of a 
mechanical, thermal, or chemical action. Wear and corrosion protection can be 
provided by the well established surface modification processes such as 
boriding, nitriding, carburizing and ion implantation. Though the protection 
offered by these processes is adequate in most of the environments, they may fail 
over a period of time if the conditions are too severe. CVD diamond films 
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overcome this limitation considerably and enhance the technical performance 
and life time of these tool materials to a great extent. The high thermal 
conductivity of diamond offers an additional advantage as energy is dissipated 
in the form of heat during friction. Furthermore, the extreme chemical inertness 
enables its utilization for corrosion resistance applications. Over all, a diamond 
coating will be a very cost effective solution in the long run.  
1.5. Motivation of the project      
Steel is one of the most used materials in the industry. A variety of engineering 
components and cutting tools for milling, drawing, wire drawing, sawing, 
cutting, drilling, etc. are made of steel. There is an immense need to reduce or 
control friction and wear and to extend the lifetime of these machineries and 
tools. Although diamond deposition is well researched, achieved and well 
established on various non-diamond substrates, deposition on ferrous materials 
is difficult to obtain and not yet up to the stage of commercial realization. 
Intensive research work has been carried out on this topic by various research 
groups [24-43 ]. The factors that have been identified to trouble the growth of 
good quality diamond on iron based materials are:  
i) high coefficient of diffusion of carbon in an iron matrix,  
ii) catalytic effect of iron in the formation of graphite and    
iii) a large difference in thermal expansion coefficient between steel and 
diamond. 
For the current study, high speed steel (HSS), one of the widely used steels in the 
industry was selected. The name `high speed steel' was derived from the fact that 
it is capable of cutting metal at a much higher rate than carbon tool steel. High 
speed steel is used in applications where a very high hardness is required such as 
drills, taps, tool bits, gear cutters, saw blades, etc. 
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The work described in this thesis is aimed at  
i) developing an understanding of the problems associated with the direct 
deposition  of diamond onto steel substrates, 
ii)  finding an effective solution to obtain a  well adhering and continuous 
diamond coating on steel substrates and  
iii) investigating the potential of the coated system for tribological 
applications.  
1.6. Scope of the thesis 
Following this introduction chapter, chapter 2 presents a general overview on the 
deposition of diamond films by hot filament chemical vapour deposition 
technique. This overview includes a description of the principle of the technique, 
gas phase chemistry, the filament material and the chemistry at the substrate 
surface. Furthermore, it gives a short description of the fretting and rubber wheel 
abrasion techniques used to evaluate the tribological behaviour of diamond 
coatings under small amplitude oscillatory motion.  
 A great deal of research was devoted to understand the problems in the direct 
deposition of diamond on steel. Series of experiments were performed to deposit 
diamond films directly on HSS substrates. Continuous diamond films were 
obtained on HSS substrates following a three-step method.  In the first step, 
considered as the nucleation step, the steel surface is saturated with carbon using 
a high methane percentage, which accelerates the diamond nucleation. In the 
second step, the sample was subjected to ultrasonic abrasion in diamond slurry. 
The third step, regarded as a growth step, diamond deposition was achieved 
using a reduced methane concentration. A detailed discussion on this direct 
deposition is given in Chapter 3.   
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Another way to obtain diamond coatings on steel materials is by the use of 
intermediate layers, which tackles the problem of carbon diffusion in the 
substrate and the catalytic effect of iron on graphite formation. The main criteria 
for a good interlayer are as follows:  
i) it should prevent in-diffusion of carbon into the bulk of the substrate and 
out-diffusion of iron from the bulk to the surface and  
ii) it should possess a good interfacial strength with the steel substrates as 
well as with the diamond layer.  
Based on this, various diffusion barrier layers such as CrN, Fe-B, WC-Co and V-
C layers were investigated as intermediate layers for deposition of diamond on 
HSS substrates and the results are discussed in chapters 4, 5, 6 and 7.  Wear 
behaviour of diamond coated layers are studied using fretting and rubber wheel 
abrasion tests. The results are presented in Chapters 5 and 6. 
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Chapter 2 
 
Hot filament chemical vapour deposition 
 
Abstract 
A general overview of the deposition of diamond films by the hot filament 
chemical vapour deposition technique is presented in this chapter. The historical 
evolution of chemical vapour deposition as a method for the synthesis of 
diamond, its principle and the gas phase chemistry are discussed briefly. The hot 
filament reactors used in the present study, the filament material, substrate 
chemistry and the problems associated with the steel substrates are described. A 
summary of the various methods investigated by several research groups to 
obtain diamond coatings on steel substrates is given. Finally a short description 
of wear of engineering components and the methods used to study the 
tribological properties of the diamond coatings is given.  
 
 
 
 
 
 
 18 
2.1. Introduction 
Chemical vapour deposition (CVD) is a process where chemical reactants in their 
gaseous phase are transported into the reaction chamber and activated in the 
vicinity of the substrate. Here the word “activation” refers to producing a non-
equilibrium state by dissociation of the gas species. CVD is one of the major 
processing methods for the deposition of thin film coatings for various 
applications. 
In 1953, the first ever successful synthesis of diamond by the CVD method was 
demonstrated by Eversole [1, 2]. He proved the possibility of homoepitaxial 
diamond growth by the decomposition of  a carbon-bearing gas (CO, X-CH3, etc.) 
pyrolytically in the vicinity of the diamond seed crystals, which were heated to a 
temperature of 1000 ºC at low pressure. These experiments resulted in diamond 
growth with enormous amounts of black graphite deposits and needed to be 
interrupted regularly to etch away these deposits. This cleaning process was 
done by either dry or wet chemical etching. The wet etching involved heating the 
overgrown seed crystals in sulfuric-nitric acid or sulfuric-chromic acid. The dry 
etching method was performed by exposing the seed crystals, which were heated 
to 1000 – 1100 ºC, to a hydrogen atmosphere. However, the sequence of processes 
and the very low yield made this method economically impractical. Nonetheless, 
this was a major breakthrough in the field of diamond research. In 1956, Spitsyn 
and Derjaguin in Russia performed more detailed work to grow diamond in its 
thermodynamically unstable state from a gas phase at comparatively low 
temperatures and pressures on diamond and non-diamond substrates. 
Reportedly, these results were not published in English until 1981 [3]. This 
investigation gave more insight into the CVD method and kinetics.  The next 
year, a pioneering work on diamond deposition on diamond and non-diamond 
substrates, where thermal activation was done using a hot tungsten filament, 
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was published by Matsumoto et al. [4]. Soon after that, the microwave assisted 
CVD method was developed by Kamo et al. [5].  
Ever since these disclosures to synthesize diamond under low pressure 
conditions, exploration of these techniques all over the world started and 
numerous ways to obtain diamond layers on various substrates using variously 
configured CVD reactors have been reported [4-18]. In the present study, the 
deposition of diamond films on steel substrates was carried out using hot 
filament CVD reactors. A brief overview of the CVD reactors employed, the CVD 
principle, deposition mechanism, reaction chemistry and the role of atomic 
hydrogen are presented in this chapter.   
2.2. Hot filament CVD 
The fundamental attribute of a CVD process is the activation of the gas phase 
reactants. For diamond deposition, the gas phase reactants mostly used are 
carbonaceous precursors, such as methane. The carbonaceous gas is mixed with 
hydrogen, which plays a very important role in diamond nucleation and growth 
as explained later, in a CVD reactor. This gas mixture can be activated by 
different means: i) thermally, e.g. hot filament or flame, ii) electrically, e.g DC 
plasma or iii) electromagnetically, e.g. plasma formation using microwave or RF 
radiation.  The CVD reactors employing filaments for activation are called hot 
filament CVD (HFCVD) or hot wire CVD (HWCVD) reactors.  
Two types of home-made hot filament CVD reactors were used. A schematic of 
the hot filament CVD reactor I is given in Fig. 1.  It comprised of a vertical reactor 
chamber made of a quartz tube of 67 mm diameter and 250 mm long. The wall 
thickness of the quartz tube was 5 mm. The electrical feed-through connectors to 
the tantalum filaments and the inlet for the gas mixture were connected to the 
reaction chamber through its top end. 
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In general, refractory metal wires are used to make the filaments for HFCVD 
reactors [19]. The important criterion to be satisfied is that the filament material 
or its carbides have a very high melting point [20]. The materials of the hot wires 
commonly used in HFCVD are tungsten (W), tantalum (Ta) and rhenium (Re) [4, 
20-23]. Hinneberg et al. found out that diamond films grown with hot filaments 
have a metal contamination of about 1 – 300 ppm from the filament material [24]. 
Since the operation temperatures of the filaments are quite high (>2000 ºC), the 
metal atoms evaporate and get incorporated  
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of the hot filament chemical vapour deposition reactor I. 
into the growing diamond film [20, 24, 25]. In the same report, Hinneberg et al. 
have mentioned that in case of tantalum filaments the contamination is 
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significantly reduced, if a passivating Ta-C phase is formed. This result gives a 
rather simple way to minimize the contamination problem by separate 
carburization process of every filament before using it for diamond deposition 
runs.  
Many researchers examined the carburization behaviour of tantalum and 
tungsten [10, 21, 23, 24]. It was observed that W filaments carburize faster than 
Ta filaments. The former forms WC and W2C, while TaC and Ta2C are formed by  
 
Figure 2. Schematic of the hot filament chemical vapour deposition reactor II. 
the latter. Tantalum filaments were found to have the following advantages over 
tungsten filaments [10, 21, 26]: 
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i) The maximum reachable temperature is about 2600 ºC for Ta and about 
2000 ºC  for W; the higher the temperature better the activation. 
ii) Ta-C has a much higher melting temperature than W-C. 
iii) W filaments, due to the faster carburization, deform more than Ta 
filaments. 
iv) Ta filaments are less fragile than W filaments and thus have a longer 
lifetime. 
Hence, in this work, tantalum filaments were used for the activation of the gas 
mixture.  Tantalum wires of 25 mm length and 0.5 mm diameter were cut from 
the roll and used to make coils of ~15 mm length. The coils had about 10 
windings, each with a diameter of 4 mm. The purity and tensile strength of the 
tantalum wire, obtained from Plansee Nederland, are 99.95% and 543 N/mm2, 
respectively.  A DC power supply in current controlled mode was used to heat 
the filament resistively to about 2100 ºC and the required power was typically 
~250 W.  The temperature of the filament was measured using an infrared 
thermometer.  
For the carburization process, the pure tantalum filament was heated up to 2100 
ºC in the reactor chamber and methane hydrogen gas mixture was passed 
through it with initial methane to hydrogen ratio of 0.5%. After about one hour 
this ratio was increased to 1% and the process was continued for another 3 hours. 
The resulting filament consists of tantalum carbide phases, which have a higher 
melting point than pure tantalum and hence are more stable under the diamond 
deposition conditions. However, a disadvantage of the carburization process is 
that carburized filaments lose their ductility and become very brittle, which 
makes their lifetime short. However, the fact that the contamination in resulting 
diamond films can be reduced by carburization prevails this disadvantage.   
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A 25 mm diameter quartz tube was used as a gas inlet to feed the gas mixture 
consisting of methane and hydrogen into the reaction chamber. Two mass flow 
controllers were used to regulate the methane and hydrogen gas flow, keeping 
the total flow rate at about 200 standard cubic centimeters per minute. The 
pressure in the chamber was measured using a diaphragm gauge. A substrate 
holder made of molybdenum, heated by a resistance heating element, was 
positioned right beneath the filament. The substrate temperature was measured 
using a k-type thermocouple which was mounted just below the surface of the 
substrate holder. The substrate temperature was strongly influenced by the 
radiation from the filament. Therefore, a feedback circuit was used to control and 
stabilize the substrate temperature when the filament was heated. However, 
since the thermocouple was positioned below the surface of the substrate holder, 
its temperature will be different. A difference of 50 ºC was estimated between the 
actual and measured value of substrate temperatures.   
A schematic representation of reactor II is shown in Fig. 2. Reactor II consisted of 
a stainless steel reaction chamber of 280 mm height and 100 mm diameter with 
four ports, one on the top and three on the sides. The feed-through connectors of 
the filament and the gas mixture inlet were introduced into the chamber through 
the top port. The heating of the substrate was done using a RF induction coil, 
which was positioned through the left port. The remaining two ports were used 
to monitor the filament with an infrared thermometer. In reactor I, the position of 
the filament could not be changed, while in II a spring loaded system helped to 
move the filament even after carburization without affecting it. A larger tantalum 
filament was used in reactor II compared to reactor I. Tantalum wires of 30 mm 
length and 0.5 mm diameter were cut from a role and used to make coils of ~17 
mm length. The coils had about 10 windings, each with a diameter of 6 mm. The 
results given in chapters 3 and 4 were obtained using reactor I and the rest of the 
chapters present the results obtained using reactor II. 
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2.3. Precursors and gas phase chemistry 
The key steps involved in any chemical vapour deposition process are listed 
below  
i) Generation and subsequent transport of active gaseous species towards 
the substrate surface, 
ii) Adsorption of these species onto the heated substrate surface followed by 
heterogeneous chemical reactions at the gas-solid interface resulting in the 
deposition of solid material(s). 
For the deposition of diamond, a carbon containing gas mixed with hydrogen is 
used as source gas. Various types of carbonaceous gases as source gases were 
investigated for their potential on CVD diamond deposition, such as saturated 
hydrocarbons (e.g. CH4, C2H6,), unsaturated hydrocarbons (e.g. C2H2, C2H4), 
oxygenated compounds (e.g. CO, CH3OH, C3H6O), halogenated compounds (e.g. 
CC14, CC12F2) [14, 17, 27-34]. In the present work, methane gas was used as the 
source gas. 
A general schematic of the CVD diamond deposition process is given in Fig. 3. In 
a CVD diamond deposition process, first, the dissociation of the hydrogen and 
hydrocarbon gases occurs in the activation zone, for HFCVD in the vicinity of the 
filament. A number of reactive products will be produced by means of this 
activation.  These reactive species are then transported to the substrate area by 
diffusion. Then diamond and non-diamond carbon phases are formed as a result 
of the reactions on the gas-substrate interface along with the simultaneous 
etching of graphitic phases. Here, atomic hydrogen plays a very important role  
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Figure 3. Schematic representation of the diamond CVD process. 
in the formation of diamond and in the preferential etching of non-diamond 
carbon phases.  
The use of hydrogen to remove graphite deposits produced in CVD process was 
already demonstrated in the dry cleaning process as mentioned in the patent of 
Eversole [1, 2]. In his work, the diamond growth product is heated to 1000-1100 
ºC under a hydrogen pressure of 10 atmospheres until it is cleaned. The reactions 
in the above processes can be summarized as follows [35] 
CH4       heat     deposits (diamond + graphite) + 2H2  
H2 + deposit (diamond + graphite)       heat     diamond + CH4 . 
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In 1968, the effective role of atomic hydrogen in etching away the graphite phase 
was found out and reported by Hibshman, who first reported the synthesis of 
diamond using a mixture of carbon containing gas (CO and/or CO2) and 
hydrogen in the presence of metal catalysts like platinum [36]. He reported that 
in the presence of platinum, hydrogen is converted into atomic hydrogen which 
destroyed the graphite nuclei that are co-formed with diamond nuclei. Following 
this, Spitsyn et al. firmly confirmed the effective and important role of atomic 
hydrogen in etching away the co-deposited graphite [3]. In their work, they have 
established a chemical transport reaction (CTR) by carbon transfer from a 
graphite source to a diamond substrate. The gas medium obtained by CTR 
contained the following hydrocarbons: methane, ethane, ethylene and acetylene. 
They have used thermal and electrical discharge methods to produce atomic 
hydrogen. In this way, they were able to produce continuous diamond coatings 
on both diamond and non-diamond substrates. Upon reacting with atomic 
hydrogen both diamond and graphite produce hydrocarbon species. Donnelly et 
al. estimated that in the temperature range 750-1120 K, diamond is etched more 
slowly than graphite by a factor varying from 7.7 x l03 (at 750 K) to 75 (at 1120 K)  
[37].  
Further studies showed that atomic hydrogen has a prominent role not only in 
the removal of graphite, but in every stage throughout the diamond deposition 
process. The three main actions of atomic hydrogen in a CVD process are 
hydrogen addition, abstraction and carbon (graphite/diamond) gasification 
(etching) reactions [33, 35, 38-42].  
The gas phase chemistry in a diamond CVD process is wholly dependant on the 
hydrogen abstraction and addition reactions. First, in gas phase reactions atomic 
hydrogen reacts with the methane molecules to form methyl radicals and many 
other hydrocarbon species by hydrogen abstraction reactions. The principal 
growth species responsible for diamond growth are found to be methyl radicals 
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and acetylene, of which the contribution by acetylene is estimated to be less 
effective than methyl radicals. Various diagnostic methods such as cavity ring 
down spectroscopy, optical emission spectroscopy, 13C isotopic labeling, 
molecular beam mass spectroscopy as well as many theoretical models are used 
to study the complex mixture of hydrocarbon species formed in the gas phase 
and their reaction kinetics [14, 38, 41, 43-48]. Of the large number of possible 
reactions that happen in the gas phase the most important ones are  
CH4+H• CH3•+H2 
CH3•+CH3• C2H4+H2 
CH3• + H•   CH2••+H2 
Second, at the gas-substrate interface, hydrogenation reactions take place on the 
growing diamond film surface and terminate the dangling carbon bonds by 
forming single C-H bonds. This chemisorbed monolayer of hydrogen stabilizes 
the diamond surface and prevents it from reconstructing to a graphite-like 
structure. Third, abstraction of these terminating hydrogen atoms by incoming 
hydrogen atoms create the reactive surface sites, which can be terminated either 
by another atomic hydrogen or by a hydrocarbon radical such as 
methyl/acetylene. Though the former is more likely to happen because of the 
higher concentration of H atoms compared to the carbonaceous species, the 
occasional occurrence of termination by carbonaceous species leads to diamond 
lattice construction. This last step, i.e, hydrogen abstraction from the growing 
diamond surface is the rate determining step. It should be mentioned that the 
presence of oxygen or halogen in the feed gas has been observed to favour 
diamond growth at reduced temperatures and to enhance diamond growth rate 
[9, 27, 28, 31-33, 49, 50]. As the C-H bond in methane is stronger than the C-Cl 
bond in chlorohydrocarbon molecules (CH3-Cl = 352 kJ mole-1; CH3-H = 435 kJ 
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mole-1), dechlorination of the C-Cl bond is easier than dehydrogenating C-H 
bonds. Therefore, the activation energy to remove the chemically bonded Cl 
atoms from the chemisorbed species (terminating chlorohydrocarbon radical) by 
atomic hydrogen abstraction is lower than that for the removal of chemically 
bonded hydrogen (terminating hydrogen). This enables the formation of active 
surface sites at lower substrate temperatures.  Similarly, there are some 
substitutes for atomic hydrogen for the graphite etching e.g. F, OH and O, since 
they can form volatile compounds of carbon upon reaction [30]. However, no 
other element is found to have the multi-tasking potential of atomic hydrogen.  
2.4. Pretreatment  
Diamond nucleation on non-diamond surfaces is usually very difficult and thus 
very slow. Unlike diamond substrates, a non-diamond substrate often needs a 
pretreatment prior to diamond deposition. Several surface pretreatment methods 
have been developed, such as manual scratching, ultrasonic abrasion and bias 
enhanced nucleation. Substrate scratching was found to be the most simple, yet 
very powerful method for achieving a high nucleation density and uniform grain 
size. Substrate scratching can be achieved by manual abrasion or by applying the 
ultrasonic abrasion technique using a mixture of diamond powder and alcohol. 
Alternatives to diamond powder are Cu, Al2O3, Ti, Fe, c-BN, TaC and SiC 
powders, which can also be mixed with diamond powder. Nucleation 
enhancement by abrasion scratching is attributed to a number of factors. One of 
them is the change in the surface morphology due to the formation of defects 
such as edges, steps, and dislocations, which lead to other surface defects, 
breaking of a number of surface bonds and removal of surface oxides. The 
defects are suggested to be chemically active sites, which preferentially adsorb 
diamond precursors and thus accelerate the nucleation process. Another opinion 
is that residual fragments of diamond powder act as nuclei for the diamond 
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growth during CVD deposition. This is known as the seeding effect. 
Unfortunately, these abrasion techniques cause considerable damage to the 
surface and hence are not practical for electronic device applications.  In contrast 
to the commonly used scratch methods, bias enhanced nucleation pretreatment 
does not cause mechanical damage to the substrate but still can induce a high 
nucleation density. The bias treatment is an in-situ method, where a plasma is 
generated by biasing the substrate positively or negatively with respect to the 
chamber prior to the growth stage. A number of mechanisms explaining bias 
enhanced nucleation have been proposed [15, 16, 18, 51-57]. The negative bias 
causes the positively charged ions in the growth chamber to accelerate towards 
the surface and bombard it, thereby removing the contamination and facilitating 
cluster formation on the surface. It was also proposed that during the bias 
treatment, deposition of a nanocrystalline C layer occurs and sp2 carbon sites are 
etched away by atomic hydrogen. In this way, sp3 sites remain and act as 
nucleation centres during the subsequent deposition process. Reinke et al. 
demonstrated that a diamond phase is present after the bias-enhanced nucleation 
and that the diamond crystallites are embedded in an amorphous, carbonaceous 
matrix [53].  
2.5. Challenges in diamond deposition on a steel substrate 
The deposition of polycrystalline diamond layer on foreign substrates by CVD 
takes place in five successive stages as listed below [58]:  
i) incubation, 
ii) 3-D surface nucleation,  
iii) termination of nucleation and 3-D growth of nuclei to grains,  
iv) faceting and coalescence of individual grains and  
v) formation of a continuous film.  
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The diamond nucleation on non-diamond substrates happens only if a sufficient 
amount of carbon is incorporated in the top layers of the substrate. This required 
concentration is known as critical carbon concentration. The time required to 
reach the critical carbon concentration is called the incubation period, which is 
the first stage of the diamond deposition process. This incubation period 
depends on the reactivity of the substrate materials with carbon. Based on this, 
the generally used substrate materials can be classified into three types [59]:  
i) no reactivity with C, e.g. Cu, Sn, Pb,  
ii) moderately/modestly reactive to C e.g. Mo, Si and 
iii) highly reactive to C, e.g. Fe, Ni, Co.  
With their modest reactivity with carbon, the substrate materials of the second 
category are the ideal candidates for diamond deposition. These materials are 
known as carbide forming substrates. The initial carbon atoms reaching the 
surface diffuse into the bulk and carburize the substrate. For Mo substrates, 
within a minute after starting the deposition,  the formation of Mo2C was 
detected along with the nano crystalline diamond nuclei [60]. The formation of 
the Mo2C layer was found to be saturated in about 20 minutes and the thickness 
of the layer was about 1.5 µm. Si substrates underwent a similar carburization 
effect forming SiC, though the layer was relatively thin (10 nm). For Mo samples, 
once the surface is covered with diamond crystals, no further carbide growth 
was observed. For Si, the carburization saturated even before a continuous 
diamond layer was formed. Hence these carbide forming substrates show the 
best nucleation and growth results.  
The substrates used in the present study, steel, come under the third category, 
and are highly reactive to carbon. This reactivity of ferrous substrates with 
carbon is twofold. First, the carbon atoms have a very high coefficient of 
diffusion in the iron matrix. Weiser et al. estimated the diffusion coefficient of 
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carbon into the surface of the iron substrate at a substrate temperature of 950 ± 20 
ºC to be 4.2 ± 1.3 ×10 -10 m2 s-1 , whereas the diffusion coefficient calculated from 
thermodynamic data in this temperature range is 3.0 ± 0.6 × 10-11 m 2 s-1 [61]. The 
estimated value under CVD conditions is equivalent to that expected for thermal 
diffusion at 1244 ± 42 ºC. It is shown in their work that diffusion of carbon into 
steel is enhanced under CVD diamond deposition conditions even though the 
concentration of carbon is very low. This leads to a longer incubation time to 
reach the critical carbon concentration. The nature of the steel substrate poses the 
second hindrance. Iron comes under the group VIII transition metals and due to 
their partially filled 3d orbitals iron atoms act as a catalyst for the formation of 
graphite rather than diamond [62]. They stabilize sp2 bonding and suppress sp3 
bond formation [63]. A different explanation, analogous to metal dusting, for 
graphite formation induced by iron is given by Jentsch et al. [64]. Here they 
ascribe the graphitization effect of iron to the metastable nature of cementite 
phases.  These iron carbide phases formed during the diamond deposition 
decompose into iron and graphite under diamond deposition conditions.  
Both the above-mentioned qualities of iron make it a suitable solvent/catalyst 
material for diamond synthesis using the high pressure high temperature 
(HPHT) technique. Because of the high solubility of carbon in iron, iron is found 
to be an effective solvent material in HPHT technology. Graphite is dissolved in 
iron and crystallizes as diamond. This lowers the activation energy so that 
graphite to diamond conversion takes place at a much lower temperature and 
pressure than needed for direct conversion. Naka et al. however, explains HPHT 
synthesis in a different way by considering the carbide forming behaviour of iron 
and other transition metals [65]. They observed two stoichiometric carbides, Fe3C 
and Fe7C3, formed upon reaction of graphite with iron. Fe3C was formed around 
1000 ºC and transformed into Fe7C3 in further reactions. At 1500 ºC and 7 GPa 
when diamond formation was observed, Fe3C was formed again. They propose 
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that in the above-mentioned conditions, Fe7C3 melts and diamond precipitates. 
So, the precipitation of diamond is catalyzed by metals such as Fe, Co and Ni 
under high pressure high temperature conditions, whilst under low pressure 
chemical vapour deposition conditions the same metals catalyze the precipitation 
of graphite [62, 66-69].   
Another troubling issue associated with diamond deposition on steel is adhesion. 
Adhesion of the film to the substrate is certainly the first attribute a film must 
possess before any of its other properties can be further successfully exploited. 
Two types of stress components contribute to the adhesion failure of CVD 
diamond films: intrinsic and thermal stresses. The major contributors to the 
intrinsic stress are incorporated hydrogen and non-diamond phases. As ferrous 
materials facilitate the formation of graphite, diamond nucleation occurs on this 
graphitic layer. This weakens the adhesion and thus undermines the usefulness 
of diamond coatings formed [63, 70-73]. Another important factor which causes 
poor adhesion is the thermal stress generated due to the coefficient of thermal 
expansion (CTE) mismatch between the grown layer and the substrate. The CTE 
of diamond is 1×10− 6 K-1 and for steel it is in the order of 12×10− 6 K-1 at room 
temperature.  This huge difference in the CTE induces thermal stresses that lead 
to crack or delamination of the coating from the steel substrate. When a diamond 
coated substrate is cooled from the deposition temperature (T2) to room 
temperature (T1), thermal stress  
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is generated in the diamond layer [74]. Here, E and ν are the Young’s modulus 
and Poisson’s ratio of diamond, respectively. α(T)f and α(T)s refer to the thermal 
expansion coefficients values of the diamond film and the substrate material. 
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This thermal stress component is mostly negative (i.e. compressive) since the CTE 
value of diamond is less than the CTE of almost all other substrate materials.  
Summarizing, the major challenges in depositing diamond on steel substrates 
are:  
i) the high coefficient of diffusion of carbon in iron,  
ii) the catalytic effect of iron for the formation of graphite and  
iii) the difference in thermal expansion coefficient between steel and 
diamond. 
All these factors reduce the onset of diamond nucleation on ferrous substrates, 
enhance graphite formation and reduce the adhesion of the diamond layer onto 
the substrate. 
2.6. Interlayer systems for steel substrate materials 
Diamond deposition on steel has been investigated extensively by several 
research groups. Although direct deposition of diamond on steel substrates is 
possible, it poses severe problems as discussed above and the results are not 
satisfactory. A more detailed discussion on direct deposition of diamond on steel 
is given in Chapter 3.  Hence, employing a pretreatment is found to be 
indispensable, such as the use of barrier layers and surface modification 
techniques, for acquiring the desired results. This section gives an overview of 
such pretreatments used that are proposed by various research groups.  
Various surface modification techniques were explored to reduce the formation 
of non-diamond carbon phases, to enhance the diamond nucleation and to 
improve the adhesive strength of diamond films onto the substrate. Godbole and 
Narayan stated that alloying iron substrates with Si, resulting in FeSi2, reduces 
the formation of graphitic phases [75]. Similar results were reported by Chen et 
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al. who found that alloying with elements such as Al and Si is an effective 
solution for the deposition of diamond on transition metal substrates, as this 
process deactivates the catalyzing effect and promotes direct bonding between 
the diamond phase and the substrate [66]. A recent publication also reports the 
improvement in diamond nucleation and adhesion after alloying iron substrates 
with Al [76]. Weiser et al. attempted a slightly modified approach by implanting 
Ti ions into the iron based substrates [77]. Another study reveals that high 
temperature diffusion chromizing was a successful approach for CVD diamond 
coating on steel [78]. Due to the in-diffusion of the chromium and the out-
diffusion of carbon from the steel, during the chromizing process, a chromium 
carbide layer of 10-12 µm thickness was formed on the substrate surface. Due to 
its larger atomic diameter, iron features a lower diffusion coefficient in 
chromium carbides than carbon, which helps to suppress graphite formation 
induced by free iron available on the surface upon exposure to CVD deposition.  
The thick chromium carbide layer was also able to inhibit the inward diffusion of 
carbon into the steel. Borges et al. showed that nitriding of steel substrates results 
in a high nucleation density, uniform diamond film formation and better 
adhesion [79].   
Another surface modification treatment, namely the in-situ formation of a barrier 
layer during combustion flame deposition of diamond, was tested by Kumar and 
Malhotra [80]. They gave an oxidizing pretreatment by exposing the substrate 
only to the outer zone of the flame. They proposed that chromium and iron 
oxides formed in this pretreatment act as a buffer layer. A pretreatment of 
plasma nitriding, yielding 5 µm thick Fe2.5N on the top of the substrate was 
shown to reduce the incubation period [81]. Though diffusion of carbon was 
inhibited considerably, the interface between the diamond layer and nitrided 
steel substrate was found to be too weak to withstand the shearing forces created 
by the high thermally induced compressive stresses. Buijnsters et al. have 
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demonstrated the effectiveness of applying diffusion boriding to obtain 
continuous and adherent diamond films on steel [82]. In chapter 5, a detailed 
discussion on using boride layers containing mono and di atomic iron boride 
phases (FeB, FeB+Fe2B) on diamond film deposition is presented.  
Many attempts were made to improve the adhesive strength of diamond layers 
using multilayers or composite layers. Two bi-buffer layers containing Ni/ Mo 
and Mo/TiN on commercial tool steel substrates were investigated by Shih et al. 
[83]. Both layers gave satisfactory results with respect to diffusion inhibition. 
Schafer et al. developed a metal composite interlayer consisting of nickel or 
chromium with dispersed diamond particles [81]. For Ni, a nickel chloride 
electrolyte was used, and chromium layers were deposited from CrO3 electrolyte. 
Diamond particles with a diameter in the range of 1–3 µm were suspended in the 
electrolytes and incorporated into the metal matrix during deposition. It was 
observed that the thermally induced stresses are partially compensated by the 
plastic deformation of the metal matrix. Further, a good bonding is established 
between the incorporated diamond particles and the growing diamond film. The 
interfacial stresses are reduced by the presence of carbide phases with 
intermediate thermal expansion coefficients. Several other research groups also 
reported successful results using similar multi-layer coatings as diffusion barrier 
interlayers [84-86].  
Various Physical Vapour Deposition (PVD) and CVD coatings were also 
investigated for their potential as interlayers in diamond deposition on steel 
substrates. The use of TiN as interlayer was investigated by Weiser et al. and the 
results were compared with those obtained on uncoated iron substrates [77]. 
They reported that TiN coatings of even 250 Å thickness are sufficient to block 
the carbon diffusion into iron and vice versa.  However, there was no strong 
proof for the formation of continuous and adherent diamond films on the TiN 
coated area. Another group of researchers also applied a TiN interlayer along 
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with many other coatings such as Si3N4, TiC and SiC [87]. Diamond films 
obtained with TiN interlayers were found to have a poor adhesion, while 
adherent diamond films are obtained with Si3N4 and SiC.  Ong et al. reported that  
a silicon buffer layer of 200 Å thickness is able to inhibit the surface catalytic 
effect of iron and works as a diffusion barrier for carbon species [70]. However, 
the obtained diamond film was of composite nature containing a significant 
amount of amorphous and graphite carbon phases. The effectiveness of AlN 
films as buffer layer for obtaining graphite-free diamond deposits was shown by 
Godbole et al. [63]. AlN is found to exhibit the following characteristics, which 
are essential for CVD diamond deposition: i) a very high resistance to carbon 
diffusion, ii) graphitization is inhibited, even for high methane concentrations, 
iii) it is stable in CVD conditions and does not show any appreciable 
decomposition except for some surface reactions with carbon, and iv) it is 
capable of promoting a considerable amount of diamond nucleation via 
formation of surface carbide phases (Al–C).  Several PVD coatings such as TiAlN, 
TiCN, TiN, WC/C have been investigated by Haubner et al. [88]. Bareiss et al. 
investigated the suitability of CVD-TiBN interlayers for diamond deposition [89]. 
A number of papers have reported the successful deposition of CVD diamond 
films on steel substrates using CrN interlayers [73, 88, 90, 91]. A detailed 
investigation was carried out in our laboratory using arc plated CrN interlayers. 
The role of critical parameters such as interlayer thickness, surface finish, 
deposition pressure on diamond deposition are presented in Chapter 4.   
Narayan et al. [93] tried to enhance nucleation of diamond on stainless steel by 
depositing a  thin carbon layer using pulsed laser evaporation. The carbide 
phases and diamond microcrystallites formed by subsequent pulsed irradiation 
provide nuclei for HFCVD diamond growth following this treatment. 
Nevertheless, no continuous film formation was shown in this report. CVD 
deposited β-SiC layers were tested by Schafer et al. [80]. Though they exhibited 
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the potential to be a good diffusion barrier layer, the adhesion strength was very 
low and the deposited diamond films were completely delaminated at the β-SiC–
steel interface. On the contrary, the carbide interlayer TiC was proved to be an 
effective interlayer for diamond deposition on steel [94, 95]. Several other reports 
also prove that carbides and carbide forming materials can be good substrate 
materials or interlayers for diamond deposition [96-98].  In the present work, two 
carbide layers, WC-Co and VC interlayers, are investigated for diamond 
deposition onto steel and the results are presented in Chapters 6 and 7, 
respectively.  
2.7. Tribology 
Today’s human life has advanced so much that there is a large dependence on 
machinery for even a simple day to day activity. For a smooth and long lasting 
functioning of the machineries, it is vital that the movable components do not get 
eroded often by the wear and tear due to friction. Though these problems cannot 
be avoided entirely, it can, however, be reduced to a large extent by use of 
suitable hard materials. A significant research has been performed on issues of 
selection of improved bulk materials, utilization of the lubrication techniques and 
changes in design to minimize the loss due to friction and wear in engineering 
materials. It was recognized in many situations that the failure of many engineering 
components originates at the surface. Surface wear is defined as the deformation 
and loss of surface material as the result of a mechanical, thermal, or chemical 
action.  Thus, the area of surface modification by coatings attracted a lot of attention 
by tribologists. Diamond coatings are of profound importance and great scientific 
interest in the field of tribology. The focus of this research work is to study the 
potential of diamond coatings to improve the tribological properties of steel 
components. This stems from its superior hardness, low coefficient of friction, high 
thermal conductivity, high wear and corrosion resistance.  
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Fretting wear is one of the dominant wear mechanisms encountered by the 
engineering components.  It occurs on the surfaces of contacting bodies subjected 
to small amplitude oscillatory displacements. Nearly every mechanical system is 
experiencing such small amplitude vibrations, where localized degradation of 
the material occurs, which often leads to catastrophic failure of the engineering 
components. Fretting wear combines most of the existing wear mechanisms, such 
as abrasive, adhesive, oxidative and fatigue [99]. This can result in a deterioration 
of surface quality and the fatigue strength of the material. Fretting wear is 
encountered not only in operation, but also during storage as well as 
transportation of machineries [100]. Some examples of practical applications 
where fretting occurs are: ball and roller bearings, aircraft gas turbine and rocket 
engine turbo pump blades etc. Details of the fretting modes and fretting wear 
mechanisms of various hard coatings including diamond coatings have been 
researched by several research groups [90, 99-111] .  
In the present work, a ball-on-flat geometry was used to test the fretting wear 
behaviour of diamond coated steel substrates. A corundum ball of 10 mm diameter 
acts the fixed counterbody and the diamond coated steel sample acts as the flat. A 
normal force, to press the counterbody against the flat, is built up by compressing a 
double spring system. All the tests in the present work are performed under linear 
displacement vibrations (Fretting mode I) (Fig. 4a), which were obtained by 
oscillating the mounted sample against the counterbody by means of a step motor. 
The frictional force resulting from the relative sliding is measured by a piezoelectric 
force transducer, amplified and fed to a computer. Coefficient of friction was 
calculated from the acquired tangential force-displacement (D) loops using the 
following equation [105, 106] :  
µ = Ed / (2s. Fn)   
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where Ed is the dissipated friction energy and Fn is the applied normal force. The 
contact sliding length s is the open loop width between the zero crossings of the 
tangential force, which is also used to describe the fretting regime indicator r = 
s/D. Details of the test parameters and the obtained results and discussion are given 
in Chapters 5 and 6.   
 
 
 
 
 
 
Figure 4. (a) Schematic of fretting mode I and (b) sand wheel abrasion test. 
In addition to these fretting tests, rubber wheel abrasion tests are also performed 
to study the tribological behaviour of diamond coatings. Dry sand rubber wheel 
abrasion test is a standard wear test and widely used to illustrate the abrasive 
wear resistance of the materials. The schematic of the setup used is shown in Fig. 
4b. The apparatus consists of a rotating aluminum wheel with rubber covering. 
The sample is fixed against this rubber rimmed wheel by applying a normal 
load. An abrasive is introduced between the sample and the rotating wheel. A 
wear scar will be formed on the sample after the test. The differential mass of the 
specimen before and after the test is recorded. This mass loss is converted into 
volume loss, which is abrasion index. Materials of higher abrasion resistance will 
have a lower volume loss. The results are presented in chapters 5 and 6.  
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Chapter 3 
Direct deposition of diamond films on steel  
using a three-step process 
 
Abstract 
Diamond coatings were successfully deposited on high speed steel substrates 
without using any external diffusion barrier layers. The diamond film deposition 
was performed in a hot filament chemical vapour deposition (HFCVD) reactor. 
In the first step, a high substrate temperature and a high methane percentage 
were used to achieve a faster critical carbon concentration and hence a shorter 
incubation time for diamond nucleation. Subsequently, the substrates were taken 
out of the reactor and subjected to ultrasonic scratching in diamond slurry in 
order to increase the diamond nucleation density. Then the final deposition was 
performed in the reactor under typical diamond growth conditions. X-ray 
diffraction analyses showed that Fe3C was the dominant carbide phase formed 
on the steel surface after the first step. The carbides produced in the first step act 
as a diffusion barrier for both iron and carbon. Thus, they accelerate the diamond 
nucleation and help further diamond growth. Scotch tape adhesion tests showed 
that the diamond film adheres well to the substrate.  
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3.1. Introduction 
Deposition of a diamond film on steel offers the opportunity of enhancing the 
tribological properties and corrosion resistance of steel without losing the 
excellent characteristics of its own. By virtue of its high wear resistance and low 
coefficient of friction combined with its chemical inertness, a diamond coating 
will lead to enhanced performance and improved life time of a steel tool. Hence, 
diamond coated steel will open up many applications, extended tool life for 
example, in the industry.  
A lot of efforts have been taken by several research groups to obtain diamond 
film on steel materials. Kozaki et al. [1] prepared a self-standing diamond film 
and then brazed it onto the steel substrate surface. However, this method is 
suitable only for flat substrates. Nakumara et al. [2] reported that high quality 
diamond can be obtained on steel substrates by optimizing the residence time of 
the carbon source gas in a HFCVD reactor. Yet, there was no evidence of 
continuous diamond film formation on the substrate. Narayan et al. [3] proposed 
a different method to enhance nucleation of diamond on stainless steel. It 
involved carbon deposition on the substrate by pulsed laser evaporation 
followed by pulsed irradiation forming carbide phases and diamond micro 
crystallites, which provide nuclei for subsequent HFCVD diamond growth. Also 
here, no continuous film formation was shown.  
There are several limiting factors making the diamond nucleation on steel 
troublesome. Metals such as tungsten, titanium, tantalum and zirconium react 
with carbon to produce carbides, while iron, cobalt, nickel and manganese 
dissolve carbon [4-6]. As a result, under diamond growth conditions, deposited 
carbon dissolves into the steel matrix to form a solid solution. Consequently, a 
prolonged time is required to reach the critical carbon concentration necessary 
for the diamond nucleation. Moreover, iron acts as a catalyst for the formation of 
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graphitic phases. Also, the large difference in the thermal expansion coefficient of 
diamond and steel leads to very poor adhesion. Several diffusion barrier 
interlayer systems came into use to overcome some of the drawbacks mentioned 
above [7-12].  Unfortunately, this involves additional steps in substrate 
preparation and makes the diamond deposition process more elaborate. In our 
present work, we succeeded in the deposition of continuous and adherent 
diamond films on steel without using any external interlayers and our 
investigations are presented in this chapter. 
3.2. Experimental Details 
The diamond films were grown on high speed steel substrates (DIN-1.3247: Fe-
74.3 wt%, C-1.04 wt%, Si-0.353 wt%, Mn-0.251 wt%, S-0.0126 wt%, Cr-3.58 wt%, 
Mo-9.08 wt% , Ni-0.16 wt%, Co-8.21 wt%, Cu-0.129 wt%, V-1.24 wt% and W-1.54 
wt%). All the samples used were 18 mm in diameter and 3 mm thick. The 
average roughness, Ra, of the substrates, as measured by a profilometer (Perthen 
Perthometer M4P) was around 1.5 µm. The substrates were diamond coated 
following a three-step process. In the first step, the samples were subjected to a 
high methane concentration (CH4/H2=4%) for three hours. A conventional 
HFCVD reactor was used as described elsewhere [13]. The deposition 
temperature and gas pressure were kept at 850 ºC and 5 mbar, respectively. The 
filament temperature was 2100 ºC as measured by the infrared thermometer and 
the filament to substrate distance was maintained to be 8-10 mm. Next, the 
samples were taken out of the reactor and ultrasonically abraded in diamond 
slurry for 30 minutes to improve the nucleation density in the second step. The 
size distribution of the suspended diamond particles was 1-2 µm. In the third 
step, the diamond film was deposited in the HFCVD reactor for 4 hours under 
the following conditions: CH4/H2 volume ratio 0.5%, substrate temperature 600 
°C , pressure 5 mbar and filament temperature ~ 2100 ºC. 
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Raman spectroscopy, using an Ar ion laser (514 nm) with an output power of 50 
mW and a focused beam diameter of 2 µm (Reninshaw system 1000), was used to 
reveal the quality and the stress state of the deposited films. X-ray diffraction 
was performed with a Bruker-AXS D5005 diffractometer to analyze the phases 
present in the substrate surface before and after deposition. Scanning electron 
microscopy (JEOL JSM 6330 F) was employed to examine the surface 
morphology of the substrates after each step. Scotch tape adhesion tests were 
carried out to examine the adhesion of the films. 
3.3. Results and discussion 
 
 
 
 
 
Figure 1. SEM image of the high speed steel surface after the first deposition step of the 
three-step process. (a) Low magnification, (b) high magnification. 
SEM images in Fig. 1 show the formation of many ball shaped features after the 
first step of the three-step deposition process. In the Raman spectrum obtained 
after the first step, three peaks are observed (Fig. 2). The peak at 1581.1 cm-1 is the 
first order E2g mode for graphite, known as the G band. The peaks centered 
around 1354.1 cm-1 and 1620.2 cm-1 are also first order lines, which are generally 
referred to as the D and D′  modes of microcrystalline graphite, respectively [14]. 
There is no diamond Raman peak noticed. The preferential formation of 
b 
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graphitic phases can be explained by the catalytic effect of iron for graphite 
nucleation and growth.  
The X-Ray diffraction pattern of the high speed steel surface after the first 
deposition step at a high methane percentage is given in Fig. 3. The dominant 
phase as observed from XRD is Fe3C, while there is also a considerable amount of 
Cr3C2. The formation of carbide phases during the first step is believed to 
provide an effective solution to the main problems, diffusion of carbon atoms 
into the iron matrix and iron atoms to the surface, in coating diamond film on 
steel. The carbides act as a diffusion barrier for both iron and carbon. Thus the 
critical carbon concentration is reached faster and a short incubation time for 
nucleation has become possible. 
 
 
 
 
 
 
 
Figure 2. Raman spectrum of a diamond film deposited on high speed steel using the 
three-step process after the first step. 
Additional experiments demonstrated that ultrasonic pre treatment, which is the 
second step in the three-step deposition process, has a considerable influence in 
terms of increasing the nucleation density. The samples subjected to the final 
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deposition step without ultrasonic pre treatment show growth on a few areas as 
shown in Fig. 4, while the pretreated substrates are found to have growth 
throughout the surface as can be seen in Fig. 5.  
Figure 3. XRD pattern obtained after the first step of the three-step process for diamond 
coatings on high speed steel. 
The SEM micrographs in Fig. 5, display the morphology of a diamond thin film 
obtained on a high speed steel substrate after all the three-steps. As can be seen 
in Fig. 5a, the deposited diamond film is continuous and the formation of well 
faceted diamond crystallites is evidenced from the high magnification picture in 
Fig. 5b. The morphology of the diamond film after the third step indicates that 
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the final diamond layer has replicated the initially formed ball shaped layer (Fig. 
1) of graphite.  So, these graphite phases seem to act as nucleation centers for the 
 
 
 
 
 
Figure 4. SEM image of a diamond film deposited on high speed steel without ultrasonic 
pretreatment.  
diamond growth in the subsequent deposition. This is in agreement with the 
result of Chenault et al. who found that graphitic deposits provide excellent 
diamond nucleation sites [15]. The occurrence of these ball shaped features also 
accounts for the roughness of the film. 
Figure 6 shows the Raman spectrum of the diamond film shown in Fig. 5. There are four 
Raman modes present. A sharp non-splitted diamond Raman peak is observed at 1334.7 
cm-1. The slight upward shift in comparison with the natural diamond Raman peak 
(1332.5 cm-1) is an indication for the presence of compressive stress of about 1 GPa. The 
distinctive band centered at around 1575.2 cm-1 corresponds to the G mode of graphite, 
while around 1364.7 cm-1, the weak signature of disordered graphite D band is observed.  
It should be noted that the large contribution of the non-diamond carbon modes in the 
spectrum can be related to the fact that the scattering efficiency of sp2 carbon is 50 times 
higher than that of sp3 carbon [16]. 
The adhesion of the films obtained using the three-step deposition process was 
tested using scotch adhesion tape. The test results showed that the diamond film 
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adheres well to the substrate. There was no peeled-off diamond found on the 
scotch tape while viewed under the optical microscope.     
 
 
 
 
 
 
Figure 5. SEM image of a diamond film obtained after the third step (a) Low 
magnification, (b) high magnification. 
 
 
 
 
 
 
 
Figure 6. Raman Spectrum of a diamond film deposited on high speed steel sample after 
the third step. 
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3.4. Conclusions 
Continuous and adherent diamond films are successfully prepared on high 
speed steel substrates without the use of any external diffusion barrier 
interlayers. This was achieved in a three- step process that involved deposition at 
a high methane concentration (4%) in a HFCVD reactor, subsequent ultrasonic 
treatment with diamond slurry outside the reactor and final deposition of the 
diamond film using the typical methane percentage of 0.5%. The graphitic phases 
formed in the first step and the pretreatment in diamond slurry were found to be 
very essential to obtain a high nucleation density. In addition, the carbide layers 
formed in the first step, act as diffusion barrier layers for both iron and carbon 
and helped to achieve a short incubation time for diamond nucleation. 
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Chapter 4 
Critical parameters in hot filament chemical 
vapour deposition of diamond films on high 
speed steel substrates with CrN interlayers 
 
Abstract  
The accomplishment of adherent and continuous diamond coatings on high 
speed steel substrates with CrN interlayers is determined by many key 
parameters such as appropriate surface finish, interlayer thickness, substrate 
temperature and system pressure. A detailed study is carried out to probe the 
effect of these parameters on diamond nucleation and growth. Substrates with 
different surface finishes are prepared by electrical discharge machining (EDM) 
and CrN interlayers of various thicknesses are deposited on to these substrates 
by arc plating. Samples with a CrN interlayer of 2.5 µm are found to provide a 
continuous diamond film at a low pressure value of about 5 mbar. Nonetheless, 
the process window for obtaining such diamond layers is small, which results in 
limited reproducibility. 
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4.1. Introduction  
Research on the growth of diamond films on steel surfaces has been going on 
intensively because of their potential applications in high performance 
machining industry. Various types of interlayers have been investigated 
addressing the problems that are generally involved in obtaining diamond 
coating on steel substrates [1–5]. In our previous work, it was found that under 
certain process conditions the use of chromium nitride (CrN), obtained by 
Physical vapour deposition (PVD) technique, as an interlayer can be successful to 
obtain adherent diamond coatings on steel [6,7]. However, interlayer properties 
and other parameters such as substrate surface finish and deposition conditions 
are found to be prominently influential in accomplishing the desired outcome. 
The key problems are non-uniform nucleation and delamination of the diamond 
layer, which often result in lack of reproducibility. Particularly, the nucleation 
process is proved to be very crucial in determining the film properties like 
morphology, homogeneity and adhesion [8]. Even a small change in one of the 
above mentioned parameters causes a considerable difference in nucleation and 
growth of the diamond coating. In this study, a number of critical parameters are 
explored and their influence on the deposited diamond coatings is reported. 
4.2. Experimental 
For this study, high speed steel samples (DIN: 1.3247), 18 mm in diameter and 4 
mm in thickness were used as substrates. These samples were cut from a 18 mm 
diameter high speed steel rod by electrical discharge machining (EDM). 
Substrates with different surface finishes were obtained with this technique as is 
further elaborated in Section 4.3.1. On these substrates, CrN layers of three 
different thicknesses (2.5, 5 and 8 µm) were deposited by the PVD technique of 
arc ion plating at 350 °C. The commonly used pretreatment of ultrasonic abrasion 
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with diamond particles (size 1–2 µm) in 2-propanol suspension was applied to 
promote the diamond nucleation density. During hot filament chemical vapour 
deposition (HFCVD) of the diamond films, pressures (P) ranging from 5 to 50 
mbar and different substrate temperatures (Ts) from 550 °C to 650 °C were 
employed. For all the diamond deposition runs, a growth time of 4 h and a fixed 
CH4:H2 volume ratio of 0.5% were used. The gas mixture was activated by a Ta 
filament and the filament temperature was maintained at 2100 °C which was 
measured using an infrared thermometer. The substrate was placed on the Mo 
substrate holder at a distance of 8–10 mm from the filament. After the EDM 
cutting process, the surface roughness (Ra) was measured with a perthometer 
(Perthen Perthometer M4P). Scanning Electron Microscopy (JEOL JSM 6330 F) 
was used to observe the morphology of the CrN and diamond layers. Raman 
spectroscopy (Renishaw system 1000) was employed to evaluate the quality and 
stress state of the diamond films using the excitation wavelength of 514 nm.  
4.3. Results and discussion 
4.3.1. Substrate preparation by EDM 
Electrical discharge machining, also known as spark machining, is a process used 
for hard metals which are very difficult to machine with traditional techniques. 
EDM is a thermal process [9], where a rapid series of electrical discharges is 
produced between the work piece electrode and a counter electrode, resulting in 
local melting and vapourisation of the work piece. Based on the type of electrode 
used, EDM is classified into two types.  
In the conventional method, commonly referred to as probe EDM, a copper 
probe is employed as counter electrode, while a brass wire is used in the second 
method which is known as wire EDM. In the probe EDM process, hydrocarbon 
oil is used as a dielectric liquid and deionized water is used in wire EDM. The 
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dielectric fluid works as a coolant medium and reduces the extremely high 
temperatures generated in the process. Moreover, it helps to flush away the 
eroded particles between the work piece and the electrode. Depending on the 
metal removal rate, a large range of surface finish can be obtained by these 
techniques. For the present study, high speed steel samples with three types of 
surface finish were prepared. Samples with a surface roughness (Ra) of 2 µm 
were cut from the high speed steel rod using probe EDM, while samples with a 
Ra of 1 µm were made using wire EDM. Although the basic mechanism is the 
same for both cutting methods, a substantial difference is found in the 
topography of the prepared samples. The SEM images of the substrates surfaces  
 
 
 
 
 
Figure 1. SEM images showing the topography of the samples prepared by (a) probe 
EDM and (b) wire EDM. 
prepared by probe EDM and wire EDM are shown in Fig. 1. A unique crater-
textured surface is observed on the samples cut by probe EDM while no such 
distinctive features are seen on samples prepared by wire EDM. When 
attempting to prepare samples of lower roughness values (~1 µm) by probe 
EDM, it turned out to be far more time consuming than we anticipated. Hence, 
the material was initially cut by employing wire EDM and then to obtain the 
unique texture produced by the probe EDM, this latter technique was used on 
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the surface providing a roughness of 1 µm. This third type of surface preparation 
is cited as surface spark erosion hereafter in this paper. 
In a first series of experiments, high speed steel samples prepared with probe 
EDM, wire EDM and surface spark erosion were coated with a 2.5 µm thick CrN 
interlayer and subjected to diamond growth. Figure 2 shows the SEM images of 
the samples after 4 hours of diamond deposition under the following conditions: 
Ts=600 °C and P=5 mbar. The films on samples prepared by probe EDM suffer  
 
 
 
 
 
  
 
 
 
 
Figure 2. SEM images of diamond films coated on high speed steel samples with a 2.5 
µm thick CrN interlayer. (a) Probe EDM (Ra=2 µm), (b) wire EDM (Ra=1 µm) and (c) 
surface spark erosion (Ra=1 µm). 
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from severe delamination. Probably, the higher surface roughness causes this 
adhesion failure. The surface spark eroded samples and the samples prepared by 
wire EDM both show better results. The nucleation density and growth rate seem 
to be almost similar for all the samples. Nevertheless, the diamond surface 
coverage of the surface spark eroded samples is clearly the best due to a better 
mechanical interlocking. The effect of the surface preparation by EDM was from 
the surface texture rather than the roughness value. In addition to this 
investigation on the effect of surface finish by EDM, many experiments were 
done with high speed steel samples of various surface roughness values 
prepared by grinding. The diamond films on these samples obtained by grinding 
had very poor adhesion irrespective of the roughness values (results not shown 
here). There was a lack of mechanical interlocking in the substrates prepared by 
grinding when compared to the EDM'd substrates. There are many reports 
explaining the effective role of mechanical interlocking in ensuring the adhesion 
in thin film systems [10,11]. The crater like features on the surface obtained in 
EDM'd samples seem to promote a better mechanical interlocking, which in turn 
improves the adhesion of the diamond film obtained on these samples. It can be 
concluded that the surface texture plays the most important role and not the 
roughness, because the wire EDM'd substrates of the same roughness value 
(Ra=1 µm) and the substrates prepared by grinding did not yield similar results. 
Therefore, surface spark erosion is selected to prepare the high speed steel 
samples that are further used in this study to examine the influence of interlayer 
thickness and diamond deposition parameters.  
4.3.2. Interlayer thickness 
The effect of interlayer thickness on the growth of diamond film is studied next. 
CrN layers of three different thicknesses: 2.5 µm, 5 µm and 8 µm were coated on 
high speed steel samples prepared by surface spark erosion. As shown in Fig. 3 
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Figure 3. SEM Images of CrN interlayers with a thickness of (a) 2.5 µm, (b) 5 µm (c) 
and (d) 8 µm on high speed steel substrates at different magnifications. 
these layers show a rough, corrugated surface and exhibit several so called 
droplets, which are typical defects produced in the PVD arc deposition process 
[12]. From Fig. 3, it can be inferred that the corrugated features as well as the 
droplets, whose size and density increase more than linearly with the thickness 
of the CrN layer, make the surface significantly rougher with increasing 
interlayer thickness.  
Figures 2c and 4 show the surface of the diamond coated high speed steel 
samples with different CrN interlayer thicknesses after 4 hours of diamond 
deposition at Ts=600 °C and P=5 mbar. The diamond film obtained with a CrN 
interlayer of 2.5 µm is highly continuous and little or no delamination is 
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observed. Figure 4a shows the remains of a closely packed continuous diamond 
film deposited on a sample with a 5 µm thick CrN interlayer with large parts 
delaminated. The absence of diamond grains on the parts of the sample where 
the coating has disappeared indicates that the delamination must have occurred 
during cooling down due to thermal stresses. Samples with CrN layers of 8 µm 
thickness show a very poor and non-uniform nucleation density and non- 
uniform nucleation. For both 5 and 8 µm CrN layers, the presence of droplets is 
suspected to have quite an effect on the diamond layer adhesion, since the 
droplets are known to be poorly bonded to the film and can easily come out [13]. 
In addition, the increase in roughness due to these droplets, as mentioned earlier, 
can also be a reason for adhesion failure of the diamond film. From the above 
results, it is clear that a CrN interlayer with a thickness of 2.5 µm is providing the 
best result for diamond deposition. Therefore, for further investigations, surface 
spark eroded samples coated with CrN interlayers of 2.5 µm thickness are used. 
 
 
 
 
 
 
Figure 4. SEM images of diamond films on high speed steel using CrN interlayers with 
a thickness of (a) 5 µm and (b) 8 µm. 
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4.3.3. Deposition pressure  
Using a temperature of 600 °C a series of diamond deposition experiments was 
performed for a wide range of pressure values (5, 6, 7, 10 and 50 mbar). Figure 5 
displays the SEM pictures of the surface of the samples after diamond 
deposition. In contrast to the diamond coating obtained at 5 mbar (see Fig. 5a) 
the diamond film deposited under 6 mbar (Fig. 5b) is not completely continuous. 
A further increase of the pressure to 7 mbar results in partial delamination of the 
diamond coating. Since this film is not completely closed, the degree of 
delamination is much less compared to samples coated at a pressure of 10 mbar, 
which are almost completely delaminated. These results can be explained by the 
fact that an increased pressure initially leads to a larger amount of active species 
resulting in a higher diamond nucleation density and subsequently a higher 
growth rate. In accordance to this mechanism, the high magnification picture of 
the sample coated at 10 mbar (Fig. 5e) shows a continuous diamond film with 
well-facetted grains. This, unfortunately, increases the amount of stress in the 
film and causes severe delamination. However, at a higher pressure of about 50 
mbar, nucleation itself is very poor while on the other hand in those few areas 
where the crystallites coalesced and formed nearly continuous islands, 
delamination has occurred. The poor nucleation density can be imputed to the 
fact that, although the amount of active species is larger at elevated pressures, 
the mean free path of the radicals becomes increasingly smaller so that the 
effective density of active species available for diamond nucleation and growth is 
reduced to a large extent at the sample surface. This is in agreement with Kang et 
al. [14], who suggested that at low pressure there is enhanced nucleation which 
can be attributed to an increased mean free path. According to these authors, the 
increase of mean free path with decreasing pressure leads to an increase of active  
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Figure 5. Diamond coated high speed steel samples with CrN interlayers. The diamond 
films are grown during 4 hours at Ts—600 °C, CH4:H2—0.5% under various pressures 
of (a) 5 mbar, (b) 6 mbar, (c) 7 mbar, (d, e) 10 mbar at different magnifications and (f) 50 
mbar.              
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Figure 6. Raman spectra of diamond films deposited at various pressures on high speed 
steel substrates with 2.5 µm thick CrN interlayers. 
species impinging on the substrate and hence results in a favorable environment 
for the diamond nucleation and growth. Figure 6 shows the Raman spectra of the 
diamond coatings which were grown at different pressures. The intensity of each 
spectrum has been multiplied to present them with similar signal to noise ratio 
when mounted together. It is clear that the background luminescence increases 
significantly with increasing pressure. The origin of the luminescence 
background is usually related to the presence of non-diamond phases [15]. There 
could be significant amount of non-diamond carbon phases formation for the 
samples coated under high pressure values. Though it is not clear in these  
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Table 1: Raman peaks and stress state of diamond films deposited under various 
pressure.        
Deposition Pressure 
(mbar) 
Diamond Raman Peak 
(cm-1) 
Stress 
(GPa) 
5 
6 
7 
10 
50 
1340 
1345 
1337 
1335 
1333 
-9 
-14 
-5 
-3 
-1 
samples, we have seen clear evidence for the formation of pronounced non-
diamond carbon phases at higher pressure depositions for borided samples 
(Chapter 5). Hence the luminescent background is increasing for the samples 
coated under higher pressure. For unstrained diamond layers the diamond peak 
position ν0 in the spectrum is at 1332 cm−1. For the samples in the present work, 
however, this position is shifted to higher wavenumbers as a result of 
compressive strain. The biaxial stress τ in the layers can be calculated from the 
shift in the peak position using [16]  
τ = -1.08GPa/cm-1 (νs - ν0),     (1) 
Where νs is the observed position of the singlet. Table 1 lists the diamond Raman 
peak and the stress state for the diamond films deposited at different pressures. 
From the table it is clear that the diamond films obtained at higher pressures are 
less strained. This is related to the fact that these films are non-continuous either  
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Table 2: Coverage percentage for a range of temperature at high and low pressures. 
Pressure 
(mbar) 
Temperature 
(ºC) 
Surface 
coverage (%) 
Cause 
 
50 
650 
600 
550 
25 % 
35% 
30% 
Delamination 
Non-uniform deposits, poor 
nucleation  & delamination 
Non-uniform deposits & 
locally poor nucleation 
 
 
5 
650 
625 
600 
45% 
80% 
65% 
Poor nucleation & 
delamination 
Delamination in a few areas 
Grains not fully grown 
together 
 
by insufficient nucleation or by severe delamination, so that the stress is released 
to some extent.  
4.3.4. Substrate temperature 
In order to determine the influence of the deposition temperature on the 
properties of the diamond coatings, a series of deposition runs were carried out 
at different temperatures under both 5 and 50 mbar pressure. The results of these 
experiments are shown in Figure 7 and summarized in Table 2. The films 
deposited at 650 °C under 50 mbar (Fig. 7a) show severe delamination. But the 
remaining parts of the coating indicate that the nucleation density is sufficient to 
obtain a continuous diamond film. This is in contrast to the samples grown at 600 
and 550 °C for which the nucleation density is highly inhomogeneous and locally  
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Figure 7. Diamond films deposited on high speed steel samples using 2.5 µm thick CrN 
interlayers. The films were grown at a reactor pressure of 50 mbar (a) 650 °C, (b) 600 °C, 
and (c) 550 °C and under a pressure of 5 mbar at a temperature of (d) 650 °C, (e) 625 °C 
and (f) 600 °C. 
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Figure 8. Lack of reproducibility under similar conditions. 
not sufficient to obtain a continuous diamond coating (see Fig. 7b and c). Also, 
the sample grown at a pressure of 5 mbar and a temperature of 650 °C shows a 
poor homogeneity resulting in a low nucleation density in some areas and 
delamination of the coating in other areas. Using a pressure of 5 mbar, the best 
coatings in terms of surface coverage were obtained at 600 and 625 °C (see Fig. 7e 
and f). The results indicate that at 600 °C the grains are just not grown together to 
form a continuous layer, while at 625 °C small parts are already delaminated. 
This indicates that there is only a small process window to obtain a continuous 
diamond coating over the entire surface of the high speed steel sample using a 
CrN interlayer. This is confirmed from the results of the experiments done under 
similar diamond deposition parameters. It is found to be difficult to reproduce 
the results obtained at 5 mbar and 600 °C. In total about 100 samples were 
evaluated and the percentage of reproducibility was roughly 70%. Figure 8 is 
given as an example showing SEM images of two diamond coated high speed 
steel substrates with a 2.5 µm CrN interlayer. Although both are surface spark 
eroded samples and the diamond deposition parameters, P=5 mbar; Ts=600 °C; 
are the same for both samples, on one sample (Fig. 8a) a continuous diamond 
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film is obtained without any delamination whereas another sample (Fig. 8b) 
shows inhomogeneous nucleation and insufficient growth rate. The substrate to 
filament distance can also account for this limited reproducibility. The filament 
loses its initial shape and position in the carburization process performed prior to 
diamond deposition. It is not possible to change the position of the filament after 
carburization, because it becomes very brittle. Even though due care is given to 
position the filament to be exactly the same every time prior to carburization, it is 
practically impossible to maintain the same filament to substrate distance and the 
same filament configuration for all the deposition runs in our HFCVD reactor. 
4.4. Conclusions 
The present study shows that the process window to produce continuous 
diamond layers on high speed steel with a CrN interlayer is extremely small. The 
main causes for the limited reproducibility are found to be non-uniform 
nucleation and delamination. These depend critically on a number of factors. 
Firstly, the method of high speed steel sample preparation is found to be very 
important. The unique surface texture obtained in the surface spark erosion with 
probe EDM process plays a significant role in ensuring the adhesion by 
providing the necessary mechanical interlocking. Secondly, the quality of the 
interlayers plays a crucial role. CrN interlayers obtained by arc plating are quite 
rough and have a lot of droplets formed during the deposition. The size and 
density of these droplets increase more than linearly with the thickness of the 
CrN layer. Because these droplets are poorly bonded to the substrate, the 
thickness of the interlayer has a considerable impact on the adhesion of the 
diamond layer. Thirdly, the reactor pressure and substrate temperature during 
diamond growth are found to be of large importance to obtain a continuous 
diamond coating. The best diamond coatings are obtained for high speed steel 
samples prepared by surface spark erosion with a 2.5 µm thick CrN interlayer 
 77 
under 5 mbar pressure at 600 °C substrate temperature. However, the 
reproducibility of these growth runs is found to be difficult. In addition to the 
narrow process window, factors such as filament to substrate distance and the 
filament configuration, which cannot be controlled precisely, may have a 
considerable impact on the diamond deposition. The process window may be 
larger for a more fine grained CrN structure such as CrN obtained by magnetron 
sputtering along with other parameters.  
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Chapter 5   
Diamond coating on borided high speed steel 
and fretting wear behaviour 
 
Abstract 
Diamond coatings are deposited by the hot filament chemical vapour deposition 
technique on steel substrates with iron boride diffusion barrier layers. Samples 
with a mixture of FeB and Fe2B phases as well as samples with Fe2B phase alone 
are investigated. Results show that the presence of FeB does not pose any 
difference for diamond deposition, which conflicts with earlier reported results. 
For both cases, at higher pressures, the quality is poor due to the extensive 
formation of graphitic deposits. On the other hand, depositions at low pressure 
provide a better quality diamond film, but the adhesion of diamond film to the 
substrate is not good enough. Hence, slightly modified depositions at low 
pressure were carried out employing a two step method. A higher methane 
percentage is used for the first step to obtain a higher nucleation density after 
which the methane percentage is reduced to get a better quality diamond 
growth. This method proves to be successful and enables the production of 
continuous, adherent and good quality diamond films. Fretting wear tests show 
that the diamond coated steel substrates have a very low coefficient of friction 
and very low wear rate. Rubber wheel abrasion test results show that the wear of 
the steel samples is considerably reduced after coating with diamond film. 
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5.1. Introduction 
The increasing demand for cutting tools with outstanding friction and wear 
properties has led to many efforts in tool industry. Coating of tools with a 
diamond layer can improve their performance to a large extent. While diamond 
coated WC-Co tools are already available in the market, there is no great success 
in diamond coating of steel based tools. Several methods have been investigated 
to obtain adherent diamond layers on steel substrates [1-5], but it has not yet 
been industrialized.  
In this work, boriding is investigated to be used as a pretreatment for diamond 
deposition on steel. Boriding is a thermo-chemical, diffusion based surface 
treatment, where basically the boron atoms diffuse into the substrate at elevated 
temperature and form metallic borides [6-8]. Boriding is a conversion coating 
process, which makes it very beneficial compared to overlay coatings such as 
TiN and CrN, which are entirely foreign to the substrate resulting in a sharp 
interface with the steel matrix. There are many types of boriding processes, 
which can be classified roughly into three groups: gaseous, liquid and solid 
methods [9-12]. Borided ferrous substrates usually have a dual surface layer 
consisting of FeB and Fe2B phases. Although in principle FeB phase is harder 
than Fe2B, a monophase borided surface consisting only of Fe2B is preferred for 
many applications since FeB is very brittle and has a very high coefficient of 
friction [13]. By controlling the boriding parameters and applying a prolonged 
boriding process, samples without FeB phases can be prepared [9]. In a 
previously published work, we demonstrated that it is possible to obtain 
continuous and adherent diamond films on borided high speed steel and on 316 
stainless steel samples with very low residual stress [14]. It was found that the 
presence of FeB phases results in high thermal stresses and consequent 
delamination of the diamond films. In the present work, borided high speed steel 
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substrates with dual FeB/Fe2B surface layers as well as with single Fe2B surface 
layers are studied for diamond deposition. Additionally, the wear behaviour of 
the coated substrates is tested with fretting (fretting mode I [15]) and rubber 
wheel abrasion tests  and detailed in this chapter. 
5.2. Experimental 
High speed steel (DIN-1.3247, Fe–74.3 wt.%, C–1.04 wt.%, Si–0.353 wt.%, Mn–
0.251 wt.%, S–0.0126 wt.%, Cr–3.58 wt.%, Mo–9.08 wt.%, Ni–0.16 wt.%, Co–8.21 
wt.%, Cu–0.129 wt.%, V–1.24 wt.% and W–1.54 wt.%) substrates were borided 
using the pack boriding method by Chromin BV, The Netherlands. Borided 
samples with two different surface layer compositions were prepared: one batch 
contained both FeB and Fe2B phases while the other batch had only Fe2B phases. 
Ultrasonic abrasion with diamond powder in isopropanol solution was 
performed as a preliminary step to enrich the number of diamond nucleation 
sites. After cleaning in isopropanol, diamond deposition was performed in a hot 
filament chemical vapour deposition (HFCVD) reactor. In this reactor, an 
induction coil was employed for the substrate heating and tantalum filaments 
were used for the activation of the source gas mixtures consisting of methane 
and hydrogen. During diamond deposition the temperature of the filament was 
maintained around 2100 ºC while the substrate temperature (Ts) was kept at 600 
ºC for all the experiments. In a first series of experiments, the influence of the 
reactor pressure (P) on the diamond deposition was investigated. For this 
purpose two series of diamond coating experiments were performed: one on 
samples with a single Fe2B phase and the other one on samples with a dual 
Fe2B/FeB surface layer. During these experiments, with a deposition time (t) of 2 
hours each, the CH4/H2 ratio of the gas phase was kept constant at 0.5% while 
the pressure was varied between 5 and 50 mbar.  
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In a second series of experiments, a number of diamond coatings were prepared 
on samples with a dual Fe2B/FeB layer utilizing a two step process. During these 
experiments, the pressure was kept constant at 10 mbar and the CH4/H2 ratio 
was 1.5% during the first (nucleation) step and 1% during the second (growth) 
step. The deposition time of each step was varied in order to realize well-
adherent, continuous diamond coatings to be subjected to wear testing. The 
diamond growth parameters used in both series of experiments are summarized 
in Table 1. 
The friction wear of the diamond coated and as-borided samples was tested 
against a ball-shaped corundum counterbody of 10 mm diameter, with an 
average surface roughness of 0.02 µm and a hardness of 2000 HV. The tests were 
performed under fretting mode I using the ball on flat fretting configuration as 
described by Roos et al. [16]. Prior to testing, the samples were cleaned with 
ethanol and the counterbody balls were cleaned first with acetone and 
subsequently with ethanol and dried. 
Table 1. Diamond deposition process conditions. 
Parameter Pressure series Two step deposition process 
Ts 
CH4/H2 
P 
t 
600 ºC 
0.5% 
5 - 50 mbar 
120 mins 
600 ºC 
1.5%  ⁄  1% 
10 mbar 
20 – 30 mins  ⁄  20 – 30 mins 
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During the tests, normal forces, varying from 2 to 10 N, were applied to the 
counterbody while friction forces were monitored continuously with a 
piezoelectric sensor. The displacement amplitude of the oscillation was 100 µm 
and the number of cycles were 10000. All the tests were performed in ambient air 
atmosphere without any lubrication at a temperature of 23 ºC and at a relative 
humidity of 50%. More details regarding the fretting machine are described in 
detail elsewhere [17]. 
The tribological behaviour of the coated and uncoated steel samples were also 
tested using dry sand rubber wheel (ASTM G65) apparatus. It consisted of a 
aluminum wheel with rubber rim. Tests were carried out with a normal load of 
50 N with two types of abrasive media: sand particles of 250 µm diameter and 
900 HV hardness and aluminum oxide particles of 120-250 µm and 2000 HV 
hardness.  
The samples were characterized by scanning electron microscopy (SEM: JEOL 
JSM 6330 F), X-ray diffraction (XRD: Bruker-AXS D5005) using CuKα radiation 
(1.5406 Å), energy dispersive analysis of X-rays (EDX) and wavelength 
dispersive analysis of X-rays (WDX). A white light interferometer (WYKO NT 
3300) was used to analyze the surface profiles of the samples after the fretting 
test. Micro Raman spectroscopy (Renishaw system 1000) was used to determine 
the presence of diamond and other carbon phases. Using a 50 mW Ar-ion laser 
(514 nm) as an excitation source, the Raman spectra were recorded in the 1100 – 
1800 cm-1 range. 
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5.3. Results and discussion 
5.3.1. Influence of pressure on the diamond deposition process 
The first experiments were performed on borided high speed steel substrates 
with Fe2B phases alone. Deposition under a pressure of 50 mbar resulted in 
diamond films of poor quality, because they are largely covered with dark 
coloured deposits (see Fig. 1). High magnification SEM (Fig. 1b) reveals the 
presence of isolated light coloured diamond grains with a diameter of about 1µm 
that are covered with a large number of dark spherical “particles” with a typical 
size of 100 nm in diameter. In the present study these “particles” which are 
present on virtually all coatings, will be referred to as “black deposits”. 
Furthermore, Fig. 1a shows partial delamination of the deposits in areas where 
the diamond grains have formed a continuous layer. This delamination probably 
occurs due to the thermal stress generated while cooling down after the 
deposition process. After many unsuccessful efforts to obtain a continuous 
diamond coating under 50 mbar, diamond deposition was tried under 5 mbar. 
Figure 1. (a) Low magnification  and (b) high magnification SEM images of diamond 
coatings deposited under a pressure of 50 mbar on borided steel substrates with Fe2B 
phase alone. 
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100 µm 
Similar to the results reported in our chapters 3 and 4 the deposition experiments 
at low pressure lead to a better diamond quality. The low magnification SEM 
image in Fig. 2a shows that a nearly continuous diamond film is formed with a 
small locally delaminated areas. The high magnification SEM image of the same 
sample (Fig. 2b) shows well structured diamond crystallites of typically 1 µm in 
diameter with irregular spherically shaped black deposits. The average size of 
the black deposits is larger but their density is enormously reduced compared to 
those at the samples that were grown at a pressure of 50 mbar. 
 Next, borided high speed steel samples with both FeB and Fe2B phases were 
used as substrates to study the effect of deposition pressure on diamond 
nucleation and growth. For this purpose a series of experiments were performed 
under various pressure values ranging from 5 to 50 mbar. SEM images of the 
resulting diamond layers are displayed in Fig. 3. The diamond film obtained 
under 5 mbar shows delamination in some areas. However, it was observed that 
many of the dark areas looking like delaminated areas are just locally formed 
high concentrations of black deposits.  
 
 
             
  
 
Figure 2. (a) Low magnification  and (b) high magnification SEM images of diamond 
coatings deposited under a pressure of 5 mbar on borided steel substrates with Fe2B phase 
alone. 
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The samples coated under 10 mbar have undergone considerable delamination 
(see Fig. 3b). In the SEM pictures of samples deposited under 20 mbar shown in 
Fig. 3c, we can clearly identify tricolour areas. The bright areas have a minimum 
concentration of black deposits, the grey areas have a higher concentration of 
black deposits and the darkest areas in the SEM image are the places where 
delamination has occurred.   At a pressure of 30 mbar (Fig. 3d), the adhesion is 
improved drastically and we see only a few delaminated areas. In fact, when the 
deposition pressure is increased further to 40 mbar, there is scarcely any 
delamination. Nevertheless, the adhesion improvement has occurred at the cost 
of quality of the diamond layer, i.e. the density of black deposits has increased.  
When the pressure is further increased to 50 mbar, the effect is even more 
vigorous. In many areas the black deposit formation has completely 
overpowered the diamond. In other words, at higher pressure, diamond 
nucleation and growth can hardly compete with the black deposit formation. 
Both types of borided steel substrates, with and without FeB, show similar 
results. Hence, samples with both FeB and Fe2B phases are considered for further 
investigations as it is quite time consuming to prepare samples with only Fe2B 
phases alone. 
 5.3.2. Black deposits 
The black deposits appear “black” in the SEM images due to their higher 
electrical conductivity as compared to the diamond crystals. To get more insight 
into the origin of the black deposits, energy and wavelength dispersive X-Ray 
analyses were employed. Both EDX and WDX do not reveal the presence of 
boron at the surface layer of the coating. The EDX spectrum recorded over the 
black deposits does show Fe, Mo and Cr peaks as well as the carbon peaks (see 
Fig. 4a). The Raman spectra (Fig. 4b) show that the D and G bands of the graphite 
phases (1350 cm-1 and 1580 cm-1 respectively) are more pronounced, relative to 
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the stress free diamond Raman peak (1332 cm-1), in samples deposited at 50 mbar 
showing a higher density of black deposits than those deposited at 5 mbar. 
A possible explanation for the origin of the black deposits might be found in the 
thermodynamic reactions between iron boride and atomic hydrogen as proposed 
by Nagovs'ka [18]: 
Fe2B + 3H  2Fe + BH3 (g)    (1) 
2Fe2B + 6H  4Fe + B2H6 (g)   (2) 
As a result of these reactions, pure iron forms on the surface of the borided 
sample during the diamond deposition process. The availability of pure iron on 
the surface easily induces the formation of graphite, as Fe atoms are highly 
reactive due to the partially filled 3d orbitals [19, 20]. At higher pressures, the 
concentration of atomic hydrogen is higher, which in turn leads to the 
overwhelming formation of graphite.  
In order to test the above described hypothesis, a borided sample was exposed to 
atomic hydrogen under similar conditions as used for diamond deposition, 
except for the presence of methane. On comparing the XRD patterns (see Fig. 5) 
of the borided sample before and after etching, the intensity ratio of Fe to Fe-B 
peaks is found to have drastically increased in the etched sample, which strongly 
suggests and confirms the etching of Fe-B phases by atomic hydrogen and 
consequent increase in Fe. This confirms and agrees with the above proposed 
origin for black deposits. 
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Figure 3. Diamond films deposited at various pressures (a) 5 mbar (b) 10 mbar (c) 20 
mbar (d) 30 mbar (e) 40 mbar and (f) 50 mbar on borided samples with both Fe2B and 
FeB phases. 
5.3.3. Two step deposition process 
To obtain diamond films of good quality and adhesion, the use of a relatively 
high pressure is apparently not the right choice. However, at low pressures the 
adhesion of the diamond film to the substrate seems to be the major issue. The 
adhesion failure is caused by the stress generated due to mismatch in the thermal 
expansion coefficient. Therefore, based on our previous successful results, a two 
step deposition method is employed with a relatively high methane percentage 
in the first step. This high methane percentage is expected to increase the 
diamond nucleation density as it accelerates reaching the critical carbon 
concentration necessary for diamond nucleation before the boron in the iron 
boride layer is etched away by atomic hydrogen. In addition, the carbide layer 
formed in this first step plays a very important role for diamond growth [21].  
The deposition parameters for the first step were Ts= 600 °C, P = 10 mbar, while 
the deposition time and CH4/H2 percentage were varied to find the optimum  
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Figure 4. (a) EDX recording and (b) Raman spectrum of diamond coating with a high 
density of black deposits obtained at a pressure of 50 mbar. For comparison a Raman 
spectrum of a specimen grown at 5 mbar pressure, almost free from black deposits has 
been added. 
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values. The SEM images (Fig. 6) give a clear picture of what happened for each 
set of parameters. The first trials were performed at 1.5% CH4 in H2 for 20 
minutes followed by 1% CH4 in H2 during the next 30 minutes. As can be seen 
from the SEM image in Fig. 6a, the diamond coating does not cover the entire 
sample. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. XRD spectrum of (a) an as-borided sample and (b) a borided sample etched 
with atomic hydrogen. 
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Figure 6. SEM images of diamond films deposited on borided steel substrates in a two 
step deposition process under a pressure of 10 mbar. The samples are grown at (a) 1.5% 
CH4 in H2 for 20 minutes followed by 1% CH4 in H2 for 30 minutes, (b) &(c) 1.5% CH4/ 
H2 for the first 30 minutes and 1% for the next 30 minutes and (d) & (e) 1.5% CH4/H2 
for 30 minutes and the next 20 minutes with 1% CH4/H2.. 
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Figure 7. Raman spectrum of the diamond layer on a borided sample following the two 
step deposition process at 10 mbar pressure.  
We therefore increased the duration of the first step, which is the nucleation step, 
to 30 minutes. As expected, this has resulted in an enhancement of the nucleation 
density (Fig. 6b and c) and complete coverage of the sample. However, few tiny 
spots of the coating have delaminated. So the duration of the second step, the 
growth step, was reduced to 20 minutes. In this way, the diamond film thickness 
did not exceed the critical value for delamination and a well adherent continuous 
diamond film was obtained as shown in Fig. 6d and e. A representative Raman 
spectrum for these diamond layers is given in Fig. 7. The diamond peak is shifted 
to higher wave numbers and is split into the singlet and doublet signal. The 
singlet peak is found around 1336 cm-1 and the doublet peak at 1348.7 cm -1. This 
shift and splitting indicate the high stresses acting on the diamond films. 
Subsequently, a number of diamond layers obtained under these optimal 
conditions were used for the wear testing.  
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5.3.4. Fretting 
To gather information on their tribological properties, the fretting wear 
behaviour of the diamond films obtained by two step deposition was 
investigated. In these experiments the average coefficient of friction (COF) 
values, µ, are derived from the loops of the tangential force, Ft, versus imposed 
displacement, D, according to  
       µ = Ed / (2s. Fn)     (3) 
where Ed is the dissipated friction energy and Fn is the applied normal force. The 
contact sliding length s is the open loop width between the zero crossings of the 
tangential force, which is also used to describe the fretting regime indicator r = 
s/D [15, 22]. 
All fretting experiments shown in this chapter were carried out for 10,000 cycles 
at 10 Hz frequency and 100 µm amplitude using a new corundum ball for each 
test. The tangential force versus displacement loops at various stages of the 
fretting test performed at a normal load of 5 N are shown in Fig. 8. These loops 
show that the dominant fretting regime for the performed tests is the gross-slip 
regime, where the applied displacement stroke is fully accommodated by sliding, 
that is r ~ 1 and s = D [15, 22]. Force overshoot at the reversal points can be 
observed, because at reversal points the static friction is higher than the dynamic 
friction. The area of the loops represents the friction energy dissipated during 
fretting and allows for determining the COF using Eq. (3).  
Figure 9 shows the COF values for diamond coated steel substrates at various 
normal loads. At the beginning of each fretting test, the COF values were 
relatively high for all loads: 0.39, 0.27 and 0.21 for 2, 5 and 10 N, respectively (Fig. 
9). For all these loads, the COF values initially increase until 100 to 150 cycles and 
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then reduce gradually to values of 0.06, 0.12 and 0.11 during the so called 
running-in period. The initial increase in COF is due to high wear resulting from 
the breaking and removal of the asperities and the surface contamination in the 
fretting area. This establishes a good contact between the counter body and the 
diamond coated substrate [16]. In course of the process, the COF reduces to low 
values because of smoothening of the surface, increased contact area and the 
lubrication introduced by the worn-out debris. Figure 10 depicts the COF versus 
number of cycles for as-borided steel surfaces (without diamond layers) at  
 
 
 
 
 
 
 
 
 
 
Figure 8. Tangential force versus displacement loops at various stages of the fretting test 
of a diamond coating using a corundum ball with 5 N normal load, 100 µm displacement 
amplitude at a frequency of 10Hz. 
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Figure 9. Coefficient of friction against the number of cycles at various loads for 
diamond coated borided steel samples (amplitude: 100 µm; frequency: 10 Hz). 
 
 
 
 
 
 
 
Figure 10. Coefficient of friction against the number of cycles at different loads for as-
borided steel samples (amplitude: 100 µm; frequency: 10 Hz). 
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Figure 11. Wear scar optical profiles on the corundum sphere slid against diamond 
coated steel at a normal load of 5 N for 10,000 cycles at 10 Hz frequency and 100 µm 
amplitude: (a) surface image and (b) height profile in the x and y direction.  
        
Figure 12. Wear scar profiles of the corundum sphere after sliding against as-borided 
steel at a normal load of 5 N for 10,000 cycles at 10 Hz frequency and 100 µm amplitude: 
(a) surface image and (b) the height profile in the x and y direction. 
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Figure 13. (a) Low and (b) high magnification SEM images of the wear track on 
diamond coated borided steel resulting from the fretting test at a normal load of 2 N for 
10,000 cycles at 10 Hz frequency and 100 µm amplitude. 
various normal loads. The friction values start to increase from the beginning 
and reach a steady state value between 0.48-0.55, which corresponds to the COF 
of steel on steel. In these tests, a transfer layer from the borided steel debris starts 
to form on the corundum ball. Initially, fretting wear takes place between the 
corundum ball and the steel substrate and eventually it becomes steel versus 
steel due to the transfer layer. When the corundum balls were examined 
afterwards, the profilometric image of the ball slid against diamond showed a 
severe abrasive wear (Fig. 11), whilst the corundum balls slid against as-borided 
steel samples hardly show any wear (Fig. 12). SEM images of wear tracks on a 
diamond coated steel specimen tested at a normal load of 2 N for 10000 cycles are 
presented in Fig. 13a. Debris from the corundum ball is found to deposit on the 
edges of the wear tracks for all the tests. The composition of the deposits is 
confirmed by EDAX analysis. The center of the wear scar shows clear scratch 
grooves along the sliding direction induced by diamond fragments which are 
broken off during fretting. The formation of such polishing grooves on diamond 
surfaces introduced by diamond abrading particles has been detailed elsewhere  
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Figure 14. SEM image of the wear track on diamond coated steel slid against corundum 
at 10 N normal load for 10,000 cycles at 10 Hz frequency and 100 µm amplitude. 
      
 
 
 
               
Figure 15. (a) Low and (b) high magnification SEM images of the wear track on as-
borided steel slid against a corundum ball at 2 N load for 10,000 cycles at 10Hz 
frequency and 100 µm amplitude. 
s[23]. A high magnification SEM image taken from the center of the wear scar 
shows smoothened diamond grains as well as some cracks (Fig. 13b). SEM 
images of the wear track on the diamond coatings subjected to 5 and 10 normal 
loads show smoothening on the asperities of the diamond coating, whereas the 
lower areas remain unaffected (see Fig. 14).  In contrast to the 2 N load 
experiments, the surface smoothening effect has occurred throughout the sliding 
length for higher loads with a larger contact area. Rather than to the diamond 
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layer, a major wear damage has occurred to the corundum balls which have 
severely worn out in the process. Considerable amounts of wear debris are found 
in the lower regions between the flat worn areas. On the other hand, SEM images 
of the wear tracks on as-borided steel samples show considerable wear along the 
sliding direction (Fig. 15). Material transfer from steel to the counter body has 
occurred as can also be observed in the profilometric images of the corundum 
balls used for these tests.  
5.3.5. Rubber wheel abrasion test      
Dry sand rubber wheel abrasion test is a standard wear test and widely used to 
illustrate the abrasive wear resistance of the materials. The wear track profiles of 
the uncoated and diamond coated steel samples, tested with sand particles of 
hardness 900 HV, are presented in Fig. 16. The uncoated steel sample shows a 
little wear, while the diamond coated steel samples do not show any wear upon 
testing. However, when aluminum oxide abrasive of hardness 2000 HV was 
used, the uncoated steel has undergone severe wear (Fig 17a), while the wear 
volume is considerably decreased for steel samples coated with diamond film 
(Fig. 17b). 
 
 
 
 
Figure 16. Wear track profiles of (a) uncoated steel and (b) diamond coated borided steel 
samples after rubber wheel abrasion test with sand particles of size 250 µm and hardness 
900 HV fed at a rate of 15 g/min.  
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Figure 17. Wear track profiles of (a) uncoated steel and (b) diamond coated borided steel 
samples after rubber wheel abrasion test with aluminum oxide particles of size 120-250 
µm and hardness 2000 HV fed at a rate of 15 g/min. 
5.4. Conclusions 
Highly adherent diamond films are deposited on steel substrates utilizing boride 
interlayers. The presence of FeB phase in the borides does not introduce any 
significant difference for diamond film adhesion. In both single (Fe2B) and dual 
phase (FeB/Fe2B) borided substrates, depositions under high pressure result in a 
high density of black deposits with a graphitic signature which are probably due 
to the catalytic action of iron atoms present on the surface formed as a result of 
reactions between iron boride and hydrogen atoms. Depositions at lower 
pressure are found to provide a better quality diamond films for both cases. 
However, the adhesion is not sufficient for diamond films deposited under low 
pressure. Hence, a two step deposition process was applied, where a relatively 
high methane percentage is used in the nucleation step followed by a growth 
step with a low methane concentration. This method is successful and results in 
continuous, adherent and good quality diamond films. Fretting wear tests show 
that diamond coated samples exhibit a very low COF and outperforms the as-
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borided steel samples. Rubber wheel abrasion tests show that diamond coating 
significantly improves the wear resistance of the uncoated steel samples.  
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Chapter 6 
Deposition and fretting wear behaviour of 
diamond coatings on high speed steel 
substrates using a WC-Co interlayer 
Abstract 
Polycrystalline diamond films are deposited on high speed steel substrates by 
chemical vapour deposition using a WC-Co interlayer. The best results are 
obtained utilizing a two step method with a high methane concentration of 1.5% 
in the first step to enhance nucleation, followed by a growth step using a reduced 
methane concentration of 1%. In this way, continuous closed layers of submicron 
crystalline diamond films are obtained that are found to adhere well. Fretting 
experiments are performed to study the wear behaviour of the diamond coatings 
under small amplitude cyclic vibrations. The diamond coatings exhibit very low 
coefficient of friction values and very little wear while the corundum balls have 
been heavily worn out. Rubber wheel abrasion tests also show that abrasive 
resistance of steel is enhanced significantly after coating with diamond layer.  
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6.1. Introduction 
Industrial realization of diamond deposition on steel substrates remains at the 
level of endeavours for more than two decades. Nucleation of diamond directly 
on steel, though possible, does not suffice good adhesion as the diamond 
nucleation occurs on the preceding graphite layer. Nucleation of diamond on 
non-diamond substrates is influenced by the gas phase chemistry, deposition 
parameters and by the chemical nature of the substrate. Iron comes under the 
group VIII transition metals and due to their partially filled 3d orbital, Fe atoms 
are highly reactive towards carbon [1]. Further, under low pressure chemical 
vapour deposition conditions, transition metals such as Fe, Co and Ni catalyze 
the precipitation of graphite, whilst the crystallization of diamond is catalyzed 
by the same metals under high pressure high temperature conditions [1-5]. 
Godbole et al. observed that when the 3d electrons of Fe are deactivated by 
forming FeSi2, iron atoms become catalytically less active, and the graphite 
catalyzing effect during CVD is suppressed [6]. A different explanation, 
analogous to metal dusting, for graphite formation induced by iron is given by 
Jentsch et al. [7]. They ascribe the graphitization effect of iron to the metastable 
nature of cementite phases.  These iron carbide phases formed during the 
diamond deposition decompose into iron and graphite under diamond 
deposition conditions. Above all, carbon atoms have a high diffusion coefficient 
in the iron matrix [8]. Weiser et al. show that diffusion of carbon into steel is 
enhanced under CVD diamond deposition conditions even if the percentage of 
methane is low [9]. All these factors reduce the onset of diamond nucleation on 
ferrous substrates as well as the adhesion of the diamond layer to the substrate. 
Hence, employing a pretreatment, such as the use of barrier layers and surface 
modification techniques is found to be indispensable. Of many methods 
proposed, the use of interlayers is found to be a simple and effective solution. 
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The main criteria for a good interlayer are as follows: i) the interlayer should be 
at or near its solubility limit for carbon in order to prevent in-diffusion of carbon 
into the bulk, ii) it should possess good interfacial strength with the steel 
substrates as well as with the diamond layers, iii) it should also act as a good 
barrier layer for iron diffusion and iv) it should relieve part of the strain in the 
coating that is induced by the difference in thermal expansion between diamond 
and the steel substrate. Carbides and carbide forming materials are generally 
proven to be very good hetero-substrate materials satisfying at least the first 
three of the above mentioned criteria for diamond nucleation and growth [8, 10-
12]. In this work, WC-Co overlay coatings are used as interlayers for obtaining 
diamond on steel substrates as they seem to comply with the above mentioned 
criteria. Active research on deposition of diamond on Co cemented WC tool 
inserts has been going on for a long time and successful results have been 
reported [1, 13, 14, 15 ]. Therefore, it is worthwhile to investigate whether a WC 
coating can be used as an interlayer for diamond deposition on steel. Spinnewyn 
et al . and Ralchenko et al . reported the possibility of using a W intermediate 
layer for diamond deposition on steel [16, 17]. In the present work, similar efforts 
were taken using a WC-Co coating as an intermediate layer for diamond 
deposition on high speed steel substrates.  
6.2. Experimental 
Diamond coatings were deposited on high speed steel substrates (DIN – 1.3247) 
by the hot filament chemical vapour deposition (HFCVD) technique. WC 
coatings in Co metal binder (10 wt%) supplied by Chromin Maastricht BV were 
used as interlayers.  A high velocity oxy-fuel spray technique (HVOF) was used 
to prepare WC-Co interlayers [18] on steel specimens of 18 mm diameter and 2 
mm thickness. Specimens coated with WC-Co interlayers were then subjected to 
ultrasonic pretreatment in a diamond isopropanol slurry. Subsequently, 
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diamond deposition was carried out in a HFCVD reactor using methane and 
hydrogen as source gases and a filament temperature of about 2100 °C. During 
all deposition experiments the substrate temperature (Ts) and reactor pressure 
(P) were kept constant at 650 °C and 10 mbar, respectively. Deposition was 
performed in two stages. During the first stage, to be referred to as “nucleation 
stage”, a CH4 / H2 ratio of 1.5% was applied for 20 minutes. The CH4 
concentration and duration of the second stage, to be referred to as “growth 
stage”, was varied from run to run. An overview of the deposition parameters is 
given in Table 1.  
Table 1. Process conditions for diamond deposition. The parameters were kept constant 
for all experiments except for the deposition time and methane concentration applied for 
the growth stage. 
 
Parameters Value 
Reactor pressure 
 
Filament temperature 
 
Substrate temperature 
 
Nucleation stage 
methane concentration 
duration 
 
Growth stage 
methane concentration 
duration 
 
10 mbar 
 
~2100 °C 
 
650 °C 
 
 
1.5% 
20 mins 
 
 
1-1.5% 
40-200 mins 
 
 
The wear behaviour of the diamond coatings was investigated by subjecting the 
samples to linear displacement vibrations (fretting mode I) [19]. These fretting 
tests were carried out using a ball-on-flat geometry. The ball shaped counterbody 
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of 10 mm diameter, corundum in these studies, was loaded on top of the 
diamond coated flat steel sample, which was mounted on a horizontal 
translation table. Different normal loads were applied to the corundum ball, 
while the samples were subjected to a reciprocative displacement by means of a 
step motor. The tangential force and friction force were continuously recorded as 
a function of displacement. Measurements of these parameters and more details 
about the fretting apparatus can be found in ref. [20] by Roos et al . The fretting 
parameters used for all the tests described in this paper are presented in Table 2. 
At various points of the fretting process, the tangential force was plotted against 
displacement. The resulting hysteresis loops, known as fretting loops, help to 
understand the fretting wear behaviour of the given set of materials under the 
applied conditions [21, 22].  
The tribological behaviour of the coated and uncoated steel samples were also 
tested using dry sand rubber wheel (ASTM G65) apparatus. Tests were carried 
out with a normal load of 50 N with two types of abrasive media: sand particles 
of 250 µm diameter and 900 HV hardness and aluminum oxide particles of 120-
250 µm and 2000 HV hardness.  
Table 2. Experimental conditions applied during the fretting tests. 
 
 
 
 
 
 
Normal load(s) 
 
Displacement 
 
Frequency 
 
Number of cycles 
 
Temperature 
 
Relative humidity 
2 N, 5 N and 10 N 
 
100 µm 
 
10 Hz 
 
10000 
 
23 °C 
 
63% 
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The surface morphology of the substrates and the deposited coatings before and 
after the wear tests were examined by field emission scanning electron 
microscopy (SEM-JEOL JSM 6330 F) and by optical profilometry (WYKO NT 
3300). The different phases of carbon in the coating were examined using micro 
Raman spectroscopy (Renishaw system 1000). These measurements were carried 
out using the 514 nm wavelength of an Ar-ion laser (50 mW) and a spot size of 2 
µm. Changes in phase composition and formation of new phases were studied by 
powder X-ray diffraction (XRD) using Bruker-AXS D8 Advance X-ray 
diffractometer with Cu Kα1 radiation. The diffractometer was equipped with a 
Johansson type monochromator and the detector was set at an effective angular 
region of 2º.  
6.3. Results and discussion 
6.3.1. Diamond layer growth and characterization 
Figure 1 shows a high speed steel specimen coated with a WC-Co layer of about 
20 µm thickness. The surface shows an irregular, rough morphology exhibiting  
 
 
 
 
 
 
 
 
 
 
Figure 1. SEM image showing the surface morphology of a steel specimen coated with an 
approximately 20 µm thick WC-Co layer. 
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hill and valley features. This is probably associated with the nature of the HVOF 
technique, where the semi-molten coarse cermet particles are sprayed at 
supersonic velocities. This results in dense layers with an inhomogeneous 
thickness onto the substrate. The average roughness of the WC-Co coated sample 
was measured to be about 6.5 - 7 µm. The XRD pattern of a WC-Co coated 
sample in Fig. 2 shows that WC is the major phase present. No iron peaks from 
the underlying substrate are observed, indicating a very thick layer of WC-Co. 
This will help for the diamond deposition as the thick interlayer can prevent the 
iron atoms in the steel substrate from being exposed to the carbonaceous 
atmosphere in the CVD reactor.  
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Figure 2. XRD pattern of a steel specimen coated with an approximately 20 µm thick 
WC-Co layer. 
After pretreating the WC-Co coated sample in diamond slurry, diamond 
deposition was carried out. In the first experiment, a growth stage of 40 minutes 
was applied in which the CH4 concentration was kept the same as in the 
nucleation stage, i.e 1.5%.  SEM analysis of the resulting diamond film deposited 
on the precoated steel specimen shows ballas-like diamond formed on the 
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Figure 3. SEM image showing the surface morphology of a steel specimen with a WC-Co 
interlayer and a diamond coating that was applied using a CH4 concentration of 1.5% 
during both the nucleation stage of 20 minutes and the subsequent growth stage of 40 
minutes. 
surface (Fig. 3). The rough morphology of the WC-Co layer seemed to have been 
replicated by the diamond growth. The relatively high methane percentage of 
1.5% during the first stage has enhanced the nucleation density, because of the 
relatively high amount of growth radicals [23]. Subsequent growth at the same 
high CH4 concentration, however, resulted in submicron size, rounded nodule-
like diamond grains. The Raman spectrum of the diamond film as shown in Fig. 
4a reveals a Raman peak at 1333 cm-1. A broad band corresponding to the G band 
of graphite is observed around 1580 cm-1 and a weak broad band, characteristic 
for amorphous carbon, is detected around 1500 cm-1. The diamond to non-
diamond peak intensity ratio is relatively small indicating the poor quality of the 
diamond layer. In order to improve the quality of the film, the methane 
concentration during the growth stage of 40 minutes was reduced from 1.5% to 
1%. SEM analysis shows that there is a considerable difference in the crystallinity 
of the films as in the first two experiments. Figure 5a reveals that well facetted 
diamond crystals are formed when the methane percentage was reduced after 
the nucleation period. The Raman spectrum (Fig. 4b) of this film shows a sharp 
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diamond Raman peak centered at 1336 cm-1 and the diamond to non-diamond 
peak intensity ratio is slightly increased implying an improved quality. 
However, a continuous diamond film has not been formed.  
When the duration of the growth stage is increased from 40 minutes to 90 
minutes while keeping the CH4 concentration at 1%,  the coverage is somewhat 
improved as can be seen in Fig. 5b. Because the CH4 concentration during the 
growth stage was kept constant, it is rather surprising that the mere increase in 
deposition time has led to enhanced secondary nucleation, resulting in 
nanocrystalline diamond layers. This change in morphology of the coatings is 
also reflected in an increase of the non-diamond carbon phases as can be 
concluded from the enhanced Raman band centered around 1580 cm-1 (Fig. 4c). It 
might be possible that the change in the morphology of the diamond coating is 
induced by the presence of iron originating from the substrate. During the 
extended growth time these atoms might have diffused through the interlayer. 
However, the XRD pattern (Fig. 6) of the sample shows a clear signature of the 
WC interlayer and the diamond 111 peak is observed at 2θ = 44.19º, but no peaks 
related to iron or iron carbides are found. Nevertheless, it is well possible that a 
small concentration of iron, not detectable with XRD, is responsible for the 
enhanced secondary nucleation of the diamond grains. However, the actual 
morphology of the layer is of minor importance as the prime goal of the present 
study is to obtain a continuous coating that can be subjected to wear testing. 
Although the surface coverage is somewhat improved by extending the growth 
stage, it is still found to be insufficient. 
Hence, the duration of the growth step was increased further to 200 minutes 
while the CH4 concentration was kept at 1%. The SEM image of this coating as 
shown in Fig. 7a indicates that the diamond surface coverage is improved 
considerably. Nevertheless, the diamond coatings are still very rough, consisting 
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Figure.4. Raman spectra of diamond coatings on steel substrates with a WC-Co 
interlayer obtained with different deposition durations and CH4 concentrations for the 
growth stage of the diamond deposition process. (a) 40 minutes at 1.5%, (b) 40 minutes 
at 1%, (c) 90 minutes at 1% and (d) 200 minutes at 1%.  
of ballas-like agglomerated diamond crystals. Furthermore, the coating shows 
dark irregularly shaped particles with a size ranging from 100 to 500 nm in 
diameter. In previous work on steel substrates with iron boride interlayers (see 
Chapter 5), these features were referred to as “black deposits”, probably 
containing graphite, whose occurrence seems related to the presence of iron at 
the surface of the diamond coating during the deposition process. Therefore, the 
occurrence of the black deposits in the present work suggests that during the 
extended deposition time the iron eventually diffuses through the WC-Co 
interlayer. Once this barrier is taken, it can easily reach the upper surface of the 
diamond layer through the open structure of the coating to induce an enhanced 
level of secondary nucleation and finally the formation of black deposits. In  
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Figure 5. SEM images of diamond coatings  on steel substrates with a WC-Co 
interlayer. The coatings were deposited with a CH4 concentration of 1% during the 
growth stage of (a) 40 minutes and (b) 90 minutes. 
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Figure 6. XRD pattern of a steel substrate with a WC-Co interlayer after diamond 
deposition (same sample shown in Fig. 5b). 
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Figure 7. SEM images of diamond coatings with a WC-Co interlayer. The diamond 
coatings were obtained using the standard nucleation stage followed by a growth stage of 
200 minutes with a CH4 concentration of 1%. (a) Without polishing of the WC-Co 
interlayer, (b) and (c) with polishing before diamond deposition, measured at two 
different locations. 
order to obstruct the diffusion of the iron from the bottom to the top of the 
diamond coating it is essential to obtain a continuous layer of strongly 
interconnected diamond grains directly on top of the interlayer. However, the 
open structure of the diamond coatings is most probably a reflection of the rough 
corrugated surface of the WC-Co interlayer itself (see Fig. 1). An attempt was 
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made to solve this problem by polishing the interlayered steel specimens before 
diamond deposition. In this way, the roughness of the WC-Co layers is reduced 
from 7 µm to about 3µm on average, although locally two distinct different types 
of areas can be distinguished. These are well-polished flattened areas with an 
estimated surface roughness of about 1 µm or less and areas with only a slightly 
improved surface roughness compared to the non-polished WC-Co surface. 
When the diamond deposition experiments are repeated with these polished 
samples, these two surface profiles of the interlayer are clearly reflected by the 
diamond coating (see Figs. 7b and c) which consequently is much smoother than 
obtained in the previous experiments. The Raman spectrum of a diamond film 
prepared under these conditions (Fig. 4d) exhibits a sharp diamond Raman peak 
at 1339 cm-1. The fact that the Raman peak is shifted to a higher wave number as 
compared to stress free diamond (ν0 = 1332 cm-1) shows the presence of 
compressive stress in the layer, which is a strong indication of a continuous film 
with good adhesion [24]. Therefore, diamond coatings that are obtained utilizing 
polished WC-Co interlayers and a subsequent depositing process with 200 
minutes during growth stage with a CH4 concentration of 1% are investigated 
further for their fretting wear behaviour. 
6.3.2. Fretting results 
Fretting wear occurs on the surfaces of contacting bodies subjected to small 
amplitude displacements relative to each other. The coefficient of friction (COF) 
values are derived from the fretting loops, which are obtained by plotting 
tangential force against displacement. The fretting loops shown in Fig. 8 
correspond to the test done at a normal load of 5 N.  By analyzing these loops, 
the friction force and the relative displacement, the dominant fretting regimes 
can be identified [19, 22]. When the two bodies in contact undergo fretting 
vibration, an internal force opposes the externally applied force. This internal  
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Figure 8. Tangential force versus displacement loops at 5 N normal load for diamond 
coated steel substrates recorded at different numbers of fretting cycles. 
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Figure 9. Tangential force versus displacement loops at 5 N normal load for WC-Co 
coated steel substrates before diamond deposition recorded at different numbers of fretting 
cycles. 
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force is the friction force and cited as reaction force rather than action force by 
Gao et al . [25]. If the applied tangential force is smaller than the limit of friction, 
little or no displacement happens and the fretting loop is almost closed. This 
region is called the “stick” regime. If the tangential force slightly exceeds the 
frictional force, the sliding starts to occur. This is characterized by a narrow 
fretting loop and referred to as the “mixed stick slip” regime. If the tangential 
force exceeds the limit of friction, the displacement extends to the whole range. 
This is called the "gross-slip” regime and the corresponding loops have a 
rectangular shape. The tangential force versus displacement loops at various 
stages of the fretting test performed at a normal load of 5 N are shown in Figures 
8 and 9. These loops show that the dominant fretting regime for the performed 
tests is gross-slip for both samples with and without diamond coating. The COF 
values are derived from the integral of the area enclosed in these tangential 
force-displacement loops divided by twice the product of the displacement 
stroke and the normal load. The area of the loop is the dissipated friction energy. 
 
The evolution of the COF of the diamond coating against the corundum 
counterbody is shown in Fig. 10. The experiments are carried out for three 
different normal loads. For 2N load, the COF drops from an initial value of 0.3 to 
a low value of 0.1 in about 700 cycles, after which it gradually decreases and 
reaches a value of 0.06 in about 9000 cycles. For 5 and 10 N loads, the COF values 
reach the steady state value after about 5000 cycles.  The initial high COF is due 
to the highly rough morphology of the film. When the asperity deformation [21, 
26] occurs, after a certain amount of cycles, the coating roughness is reduced. 
After this smoothening effect, a good contact is established between the diamond 
layer and the counterbody and thus the friction values start to decline towards a 
constant value. Fretting loops correspond to these tests in Fig. 8 also clearly 
shows this pattern. The area enclosed by the loops, dissipated friction energy, is 
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decreasing with increase in number of cycles. Figure 11 presents COF values 
obtained for steel (steel with WC-Co coating before diamond deposition) 
substrates before diamond deposition at various normal loads. The initial COF 
values for 2, 5 and 10 N loads are 0.19, 0.2 and 0.19, respectively. Then, COF 
values increase gradually with increase in fretting cycles and reach a steady state 
value (0.22 to 0.23) after about 130 to 170 cycles for all the three loads.  These 
steady state COF values are quite high compared to those obtained for diamond 
coated samples. 
 
 
 
 
  
 
                
 
  
 
 
 
 
 
 
 
 
 
 
Figure 10. COF as a function of the number of wear cycles for a diamond coated high 
speed steel substrate against corundum. 
 
Representative SEM images of the wear track formed on the diamond coated 
sample at 5 N normal load are shown in Fig. 12. The wear scar is covered by the 
debris formed during the test which is also revealed in the optical surface profile 
image of the wear track shown in Fig. 13a. When two contacting bodies undergo 
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Figure 11. COF as a function of the number of wear cycles for a WC-Co coated steel 
substrates before diamond deposition against corundum. 
 
      
 
Figure 12. SEM images of the wear tracks on diamond coated high speed steel substrates 
after 10000 fretting cycles using a normal load of 5 N. 
 
a relative motion, transfer of materials and production of debris take place which 
is known as “third body” [27]. Elemental analysis using EDAX showed that the 
major contribution to the debris originates from the corundum ball. The 
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characterization of the wear track on the corundum ball by white light 
interferometry (Fig. 13b and c) also confirms this conclusion as the ball has been 
worn out severely, while no evidence for fracture or delamination of the 
diamond layer as a result of the fretting tests was observed. 
 
 
 
 
 
 
      
 
Figure 13. Optical profiler images of wear scar profiles after 10000 fretting cycles at a 
normal load of 5 N on (a) diamond coated steel sample and (b) and (c) the corundum ball 
counterbody.   
 
(c) 
(a) (b) 
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6.3.3. Rubber wheel abrasion tests 
 
 
  
 
 
 
 
 
 
 
Figure 14. Wear track profiles of (a) uncoated steel and (b) diamond coated WC-Co 
coated steel samples after rubber wheel abrasion test with sand particles of size 250 µm 
and hardness 900 HV fed at a rate of 15 g/min.  
 
 
  
 
 
 
 
 
 
 
 
Figure 15. Wear track profiles of (a) uncoated steel and (b) diamond coated WC-Co 
coated steel samples after rubber wheel abrasion test with aluminum oxide particles of 
size 120-250 µm and hardness 2000 HV fed at a rate of 15 g/min. 
Dry sand rubber wheel abrasion test is used to illustrate the abrasive wear 
resistance of the diamond coated steel substrates. The wear track profiles of the 
blank and diamond coated steel substrates tested with sand particles of hardness 
900 H, are presented in Fig. 14. The uncoated steel sample shows a little wear, 
while the diamond coated steel samples do not show any wear upon testing, 
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rather it shows a very rough surface profile. This is, again, probably a reflection 
of the rough corrugated surface of the sample as discussed in section 6.3.1. 
Nevertheless, it is an indication that there is no considerable wear and thus 
surface morphology remains unchanged. When tested with aluminum oxide 
abrasive of hardness 2000 HV, the uncoated steel has undergone severe wear (Fig 
15a), Whereas, diamond coated steel shows a wear profile (Fig. 15b) similar to 
the one obtained with sand particles. Diamond coated samples remain almost 
unaffected by both abrasives.  
6.4. Conclusions 
Closed layers of well adhering diamond coatings are successfully obtained on 
high speed steel substrates using a WC-Co interlayer. A two step deposition 
method is employed where in the first step (nucleation) a high nucleation density 
is obtained by using a relatively high methane concentration of 1.5%. In the 
second step, the concentration of methane is reduced to 1% while the duration of 
deposition was elongated resulting in a well defined, closed diamond layer. The 
increase in nucleation density effectively decreases the grain size and increases 
the secondary nucleation, which in turn strengthens the adhesion and prevents 
delamination of the grown layers. Fretting wear tests on the obtained diamond 
films against a corundum counterbody show very low coefficient of friction 
values. While very little wear is observed on the diamond film, the corundum 
spheres are heavily worn out. Though the results obtained with a WC-Co 
interlayer system are very promising, it has to be mentioned that the high, locally 
strongly varying roughness is a big hindrance to conclude that the observed 
wear behaviour is very representative for the steel-WC-Co-diamond system. 
Definite conclusions should await the results of experiments on the deposition 
and fretting wear behaviour of smoother coatings. However, the diamond coated 
steel samples certainly show enhanced wear resistance compared to WC-Co 
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coated steel samples. Rubber wheel abrasion test results confirm the significant 
enhancement of the abrasion resistance of the steel sample after coated with 
diamond layer.  
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Chapter 7 
Vanadization as a pretreatment for diamond 
deposition on steel 
 Abstract 
The use of vanadium carbide interlayers for the growth of diamond films on high 
speed steel substrates by hot filament chemical vapour deposition is studied. It is 
found that the substrate surface finish and the substrate temperature play a 
significant role in diamond nucleation. Depositions at 600 ºC substrate 
temperatures are found to yield a very low nucleation density and growth rate. 
Use of higher substrate temperatures increases the chemical interaction between 
carbon atoms and the substrate surface, which leads to enhanced nucleation and 
growth. Unfortunately, the closed diamond layers formed at these temperatures 
easily delaminate due to the stress accumulation during the cooling down period 
after the deposition process. 
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7.1. Introduction 
Coating ferrous materials with diamond opens the door to a wide variety of 
applications owing to the excellent mechanical properties and chemical inertness 
of the diamond layers. Diamond deposition on steel is investigated extensively 
by several research groups employing various pretreatments, as direct 
deposition introduces a large amount of non-diamond carbon phases in the 
layers, which in turn leads to poor adhesion [1-6]. The most common approach is 
the deposition of interlayers to block iron and carbon diffusion and to facilitate 
adhesion by carbide formation. Chen et al. have deposited diamond on stainless 
steel substrates using a Si interlayer [7], while several PVD coatings such as 
TiAlN, TiCN, TiN, WC/C have been investigated by Haubner et al. [8]. They 
inferred that none of these interlayers gave satisfying results. Contradicting 
results on CrN interlayers are reported by different groups [8-10]. Successful 
results by the application of multi-layer coatings as diffusion barrier interlayers 
were also reported [11-14]. However, the use of multi-layers involves many 
additional process steps which is a disadvantage if it is to be utilized in a 
commercial application. As an alternative to interlayer usage, various surface 
modification methods have been explored. For example, in our previous work, 
boriding the steel substrates has proved to be a successful pretreatment for 
coating a diamond layer on steel substrates [15]. Furthermore, Li and Hirose 
have demonstrated that adherent diamond films can be deposited on Fe–Cr type 
steels by alloying with small fractions of Al and Si [16].  
In this article, an attempt to deposit diamond layers on high speed steel 
substrates using a vanadium carbide interlayer is presented. This layer is formed 
as a result of diffusion hardening treatment that is usually applied to enhance the 
surface properties of the steel, such as hardness, wear resistance and corrosion 
resistance. For the present study, we anticipated that the vanadium carbide layer 
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might also facilitate faster diamond nucleation and improve the adhesion to the 
substrate. To the best of our knowledge, we have shown for the first time that a 
vanadium carbide layer is an effective diffusion barrier layer for diamond 
deposition on steel.  
7.2. Experimental 
Samples were machined from a high speed steel rod (DIN: 1.3247) by the spark 
erosion technique. In this way, round specimens of 18 mm diameter and 2 mm 
thickness were obtained with an average surface roughness of about 1 µm. The 
high speed steel substrates used in this study were vanadized by a thermoactive 
diffusion process using borax melts with additions of vanadium. This technique 
was originally developed by the E.O. Paten Electric welding Institute in Kiev, 
Ukraine [17]. The samples used in this study were prepared at Chromin 
Maastricht BV under atmospheric pressure and at a temperature in the range of 
800 – 1200 ºC. The thus obtained vanadium carbide layers have a thickness of 
about 4 µm while the surface roughness is not significantly affected by the 
vanadizing process. Prior to diamond coating, abrasion of the samples in 
diamond slurry (1-2 µm diamond powder in isopropanol) was performed in an 
ultrasonic bath for 60 minutes. The vanadized steel substrates were then 
subjected to diamond deposition in a hot filament chemical vapour deposition 
(HFCVD) system. A detailed description of the HFCVD reactor setup is given in 
Chapter 2. Diamond deposition was carried out using methane and hydrogen as 
source gases and a filament temperature of about 2100 ºC. All the depositions 
were performed at 10 mbar pressure and two substrate temperatures (600 and 
650 ºC) were employed to study their effect on diamond deposition. Deposition 
was performed in two stages. During the first stage, to be referred to as 
“nucleation stage”, a CH4/H2 ratio of 1.5% was applied for 20 minutes. The 
concentration of CH4 in H2 in the second stage, to be referred to as “growth 
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stage”, was 1% while the duration of the growth stage was varied. The 
advantages of performing diamond deposition in two steps are discussed in 
Chapters 5 and 6. An overview of the deposition parameters is given in Table 1.  
Substrate and coating morphologies were examined by field emission Scanning 
Electron Microscopy (SEM) (JEOL JSM 6330 F). Quality and stress state of the 
diamond films were assessed by Micro Raman spectroscopy (Renishaw system 
1000) using an Ar-ion laser (50 mW) of 514 nm wavelength. Analysis of phases 
present on the vanadized sample before and after diamond deposition was 
carried out with X-ray diffraction (Bruker-AXS D8 Advance X-ray 
diffractometer) using Cu Kα1 radiation.  
Table 1: Process conditions for diamond deposition. The parameters were kept constant 
for all the experiments except for the deposition temperature and second step duration.  
 
Parameters Value 
Reactor pressure 
Filament temperature 
Substrate temperature 
Nucleation stage 
Methane concentration 
Duration 
 
Growth stage 
Methane concentration 
Duration 
10 mbar 
2100 °C 
600 °C and 650 °C 
 
1.5% 
20 mins 
 
 
1% 
30-50 mins 
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7.3. Results and discussion  
The substrates used in this study were cut from a steel rod using the spark 
erosion technique. Spark cutting typically results in a unique surface finish (see 
Fig. 1a) with many droplets and crater like features [10, 18-22]. This rough 
surface morphology is retained after the vanadizing treatment (Fig. 1b). X-Ray 
diffraction analysis of a vanadized sample as given in Fig.2 shows that the 
surface consists mainly of V4C3 phases and contains only a small amount of Fe.  
Figures 3a and b are the SEM images of the surface of the sample after diamond 
deposition at a substrate temperature of 600 ºC, for which the growth stage 
duration was 30 minutes. The overview of the sample shows that the diamond 
coating replicates the surface roughness of the vanadized substrate and that the 
nucleation density is not homogeneous over the surface of the sample.  
Diamond film growth takes place in two stages: isolated crystal formation 
followed by layer growth. The very early growth period is characterized by the 
increase in size of the small, isolated crystals originating from the nuclei [23]. 
These initially formed crystals coalesce together eventually and form a 
continuous layer. In the present experiment, in most of the valley areas a 
continuous layer has already formed, whilst most of the hilly areas only show 
isolated diamond crystals. In addition, the overall diamond growth rate is found 
to be very low and only a very thin layer of submicron thickness has formed. 
Figures 3c and d show the substrate surface after diamond deposition for which  
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Figure 1. SEM image of the surface morphology of a high speed steel substrate machined 
by spark erosion (a) before and (b) after vanadization. 
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Figure 2. XRD pattern of a steel substrate coated with an approximately 4 µm thick 
vanadium carbide layer. Insert shows in detail the Fe peak which is just above the noise 
level in the XRD pattern.  
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Figure 3. SEM images showing the surface of vanadized steel specimens after diamond 
deposition at 600 °C. (a) Overview and (b) detail of a sample with a growth step of 30 
minutes, and (c) overview and (d) detail of a sample obtained with a growth step of 50 
minutes.  
the growth stage duration was prolonged to 50 minutes. Consequently, a nearly 
closed layer is formed except for some minor locally occurring delaminations 
(Fig. 3c) due to the thermal stresses developed during cooling down at the end of 
the experiment. The individual diamond grains are well facetted as can be 
observed in Fig. 3d. The XRD pattern of the sample presented in Fig. 4 shows a 
small peak at 2θ = 43.93º, which corresponds to the diamond coating. The low 
intensity of the diamond peak can be attributed to two causes. First, the diamond 
layer formed is very thin (~1 µm) and secondly, diamond has a low scattering 
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efficiency compared to vanadium due to the low atomic number of carbon. The 
Raman spectrum in Fig. 5 shows a sharp Raman peak centered around 1332 cm-1 
along with a small band in the range of 1500-1600 cm-1, comprising both G and 
amorphous carbon bands. The diamond peak shows no shift from the unstressed 
value which indicates that either adhesion is poor or that the layer has not yet 
completely coalesced. Scotch tape tests showed that the layer is poorly adhering.  
Furthermore, similar to the coatings obtained with a growth stage step duration 
of 30 minutes (Fig. 3a), also here, a very thin film composed of only a single layer 
of diamond crystallites is formed (Fig. 3d). Refractory metal carbides such as 
V4C3 have a low carbon solubility [23]. This makes the vanadized surface layer 
suitable as diffusion barrier between the metal substrate and the growing 
diamond layer.  However, the present study indicates that both the nucleation 
rate and the adhesion of the diamond coating are very low. A possible 
explanation for this is the lack of chemical reactivity between the carbon atoms 
and the vanadium carbide substrate layer, which leads to poor chemical bonding 
during growth. Furthermore, the hard vanadium carbide coating and the rough 
corrugated surface obtained by spark cutting could have made the ultrasonic 
abrasion less effective and in consequence the activation energy for the formation 
of diamond nuclei might have become higher [24].  As the temperature of the 
substrate plays a very important role in improving chemical reactivity [25] which 
in turn enhances the nucleation density and growth rate, using a higher substrate 
temperature could be a competent solution for these problems.  
Hence, diamond depositions were performed with a substrate temperature of 
650 ºC. Other parameters are the same as the film shown in Fig. 3a. A drastic 
change in growth and morphology is observed for this 50 ºC rise in substrate 
temperature as can be seen in Fig. 6.  A fully coalesced diamond layer with a 
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Figure 4. XRD pattern of  a vanadized sample after diamond deposition. The insert 
shows in detail the diamond peak which is just above the noise level in the pattern. 
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Figure 5. Raman spectrum of a diamond layer deposited at 600 ºC on a vanadized high 
speed steel substrate using a growth stage of 50 minutes. 
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Figure 6. (a) Low and (b) high magnification SEM images of a diamond film coating 
deposited on a vanadized steel specimen at 650 ºC using a growth stage of 30 minutes. 
thickness of approximately 2.5 µm has been formed (see Fig. 6b) in a deposition 
experiment with a growth stage of only 30 minutes following the standard 
nucleation stage. However, the layers suffer from severe delamination. This is 
related to the fact that the coefficient of thermal expansion for vanadium carbides 
is in the range of 7 – 8 ×10-5 /ºC [26] while diamond has a thermal expansion 
coefficient in the order of 1×10-5 /ºC. This huge mismatch generates high thermal 
stresses when the coated substrates are cooled from deposition temperature to 
room temperature. The Raman spectrum of the sample gives a diamond peak at 
1333.4 cm-1, which is close to the unstressed diamond Raman peak value. This is 
due to the fact that stresses are released due to delamination. This indicates that 
the process window for the deposition of continuous adherent diamond coatings 
on vanadized steel substrates is rather narrow. 
7.4. Conclusions 
In the present work, we studied the preparation of diamond films on high speed 
steel substrates using vanadium carbide interlayers. Depositions at a substrate 
temperature of 600 ºC resulted in a very low nucleation density and growth rate. 
In addition, the rough surface morphology of the substrates introduced by spark 
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erosion cutting causes an inhomogeneity in diamond nucleation.  The layer 
thickness was also found to be very small probably due to slow diamond 
nucleation as a result of lack of chemical reactivity between the substrate and the 
carbon atoms. The use of a higher substrate temperature (650 °C) is found to 
increase the chemical interaction, which in turn increases the nucleation density 
and growth rate. Nonetheless, this rise in substrate temperature has also 
enhanced the thermal stresses in the layer system, leading to delamination of the 
diamond coating. Improvement of the substrate surface finish along with an 
effective abrasion pretreatment is required to accomplish the desired results by 
optimizing the growth conditions within this narrow process window. 
 
 142 
7.5. References 
[1] H. G. Jentsch, G. Rosenbauer, S. M. Rosiwal, R. F. Singer, Advanced 
Engineering Materials 2000, 2, 369. 
[2] X. Chen, J. Narayan, Journal of Applied Physics 1993, 74, 4168. 
[3] P. S. Weiser, S. Prawer, D. N. Jamieson, R. R. Manory, Thin Solid Films 
1996, 291, 186. 
[4] I. Endler, A. Leonhardt, H. J. Scheibe, R. Born, Diamond and Related 
Materials 1996, 5, 299. 
[5] M. Gowri, H. Li, J.J. Schermer, W.J.P. van Enckevort, J. J. ter Meulen., 
Diamond and Related Materials 2006, 15, 498. 
[6] J.G. Buijnsters, P. Shankar, J.J. ter Meulen, Direct deposition of 
polycrystalline diamond onto steel substrates, Surf. Coat. Technol. 201 (2007) 
8955. 
[7] H. Chen, M. L. Nielsen, C. J. Gold, R. O. Dillon, J. Digregorio, T. Furtak, 
Thin Solid Films 1992, 212, 169. 
[8] R. Haubner, B. Lux, International Journal of Refractory Metals and Hard 
Materials 2006, 24, 380. 
[9] G. Negrea, G. Vermesan, Journal of Optoelectronics and Advanced Materials 
2000, 2, 698. 
[10] M.Gowri, H.Li, T.Kacsich, J.J. Schermer, W.J.P. van Enckevort, J. J. ter 
Meulen, Surface & Coatings Technology 2007, 201, 4601. 
 143 
[11] A. K. Sikder, T. Sharda, D. S. Misra, D. Chandrasekaram, P. Veluchamy, 
H. Minoura, P. Selvam, Journal of Materials Research 1999, 14, 1148. 
[12] L. Schafer, M. Fryda, T. Stolley, L. Xiang, C. P. Klages, Surface & Coatings 
Technology 1999, 119, 447. 
[13] L. W. de Resende, E. J. Corat, V. J. Trava-Airoldi, N. F. Leite, Diamond and 
Related Materials 2001, 10, 332. 
[14] F. J. G. Silva, A. J. S. Fernandes, F. M. Costa, A. P. M. Baptista, E. Pereira, 
Diamond and Related Materials 2004, 13, 828. 
[15] J. G. Buijnsters, P. Shankar, P. Gopalakrishnan, W. J. P. van Enckevort, J. J. 
Schermer, S. S. Ramakrishnan, J. J. ter Meulen, Thin Solid Films 2003, 426, 85. 
[16] Y. S. Li, A. Hirose, Chemical Physics Letters 2006, 433, 150. 
[17] Borisov.Yu, Yushchenko.K, Shavlovskii.E, Borisova.A, E.O.Paton welding 
Institute. 
[18] S. Dhanik, S. S. Joshi, Journal of Manufacturing Science and Engineering-
Transactions of the Asme 2005, 127, 759. 
[19] B. Lauwers, J. P. Kruth, W. Liu, W. Eeraerts, B. Schacht, P. Bleys, Journal of 
Materials Processing Technology 2004, 149, 347. 
[20] C. A. Huang, G. C. Tu, H. T. Yao, H. H. Kuo, Metallurgical and Materials 
Transactions a-Physical Metallurgy and Materials Science 2004, 35A, 1351. 
[21] J. Qu, A. J. Shih, R. O. Scattergood, J. Luo, Journal of Materials Processing 
Technology 2005, 166, 440. 
 144 
[22] S. F. Miller, C. C. Kao, A. J. Shih, J. Qu, International Journal of Machine 
Tools & Manufacture 2005, 45, 1717. 
[23] B. Lux, R. Haubner, Pure and Applied Chemistry 1994, 66, 1783. 
[24] J. C. Lee, B. Y. Hong, R. Messier, R. W. Collins, Applied Physics Letters 1996, 
69, 1716. 
[25] J. C. Bareiss, G. Hackl, N. Popovska, S. M. Rosiwal, R. F. Singer, Surface & 
Coatings Technology 2006, 201, 718. 
[26] E. K. Storms, C. P. Kempter, Journal of Chemical Physics 1965, 42, 2043. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 145 
Summary and conclusions 
 
Deposition of diamond films on steel 
substrates for tribological applications 
 
 
Low pressure deposition techniques brought radical changes in the field of 
diamond research and diamond became available in various forms such as thin 
films, free standing plates, three dimensional hemispherical forms, etc. Diamond 
offers ultra-high thermal conductivity, transparency across a wide range of 
wavelengths, extreme wear resistance, and it is electrically insulating and 
chemically inert. Another interesting aspect is that diamond growth can be 
tailored to the specific application, which results in a range of products from 
tool-grade material with high fracture toughness to high clarity optical window 
material. All these features attract a growing number of applications in diverse 
fields.  
 
The research work presented in this thesis concerned the application of diamond 
thin films as a wear resistant coating for steel materials. Steel is regarded widely 
as a high performance, contemporary engineering material. It is the material of 
choice for a variety of engineering applications and the markets for steel are still 
expanding. Application of diamond coatings on steel can enhance its properties 
further. The first objective of this work was to analyse and solve the problems 
and limitations of diamond deposition on steel substrates. The second aim was to 
investigate the tribological behaviour of the successfully coated samples.  
 
The hot filament chemical vapour deposition (HFCVD) technique was employed 
to deposit diamond films on high speed steel substrates. The main requirement 
to exploit the attractive features of diamond films is a strong adhesion to the 
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substrate, which is very difficult to achieve with steel substrates. It is due to the 
chemistry between steel and carbon. Carbon has a high diffusivity in steel and 
steel acts as a catalyst for the formation of graphite. In addition, there is a huge 
mismatch in the thermal expansion coefficients of steel and diamond. These 
difficulties in direct deposition of diamond on steel spurred the development of 
different approaches, such as the use of interlayers, alloying, surface 
modification pretreatments, etc. Chapter 2 gives an overview of the different 
interlayer systems and pretreatments studied by several research groups to 
deposit diamond on steel. Description of the experimental set ups used in the 
present work to deposit diamond and to study the tribological characterization 
of the obtained diamond coatings is given in this Chapter.  
 
Deposition of diamond films directly on high speed steel substrates was 
attempted and the results and discussions are given in Chapter 3. Continuous 
diamond films were synthesized following a three step process. The first step 
was considered as a sort of carburization step, where the samples were subjected 
to a high methane concentration. This resulted in the formation of Fe3C and 
Cr2C3 phases. These carbides acted as a diffusion barrier for both iron and carbon 
atoms and reduced the incubation time for diamond nucleation. These treated 
samples were then subjected to ultrasonic abrasion, the second step, to enhance 
the nucleation density. The third step consisted of the actual diamond deposition 
using a lower methane concentration. Scotch tape adhesion tests showed that the 
diamond film adhered well to the substrate. However, the surface roughness 
appeared to be too large for practical applications.   
 
Chapter 4 presents the results acquired using CrN coatings as diffusion barrier 
layers for diamond deposition on steel. It was found that there are many critical 
parameters that influence the nucleation, growth and the adhesion of diamond 
coatings on steel. These include surface finish, interlayer thickness, substrate 
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temperature and system pressure. A detailed study was carried out to probe the 
effect of these parameters. Substrates with three different surface finishes were 
prepared using wire and probe electrical discharge machining (EDM). Here, it 
was found that the surface texture plays an important role more than the 
roughness. Then, PVD arc coated CrN coatings of three different thicknesses 
were deposited on these samples for further analysis. Optimum results were 
attained with CrN layers of 2.5 µm thickness. The reactor pressure and substrate 
temperature were found to be of large importance to achieve a continuous and 
adherent diamond coating. Depositions were carried out at different pressures 
and temperatures. Since the mean free path of the radicals becomes increasingly 
smaller at higher pressures, the effective density of active species available for 
diamond nucleation and growth is reduced to a large extent at the sample 
surface. The nucleation density was found to increase with decreasing pressure 
and depositions at 5 mbar showed optimum results. However, even a very small 
change in the deposition pressure induced a significant difference in the 
nucleation and adhesion. Similarly, the depositions at different temperatures also 
showed a very narrow window for optimum results.  
 
Chapter 5 reports the successful use of boriding as a pretreatment for diamond 
deposition on steel. The borided steel surface layer, consisting of FeB and Fe2B 
phases, was found to act as an effective diffusion barrier for diamond deposition 
on steel. Previous studies showed that the presence of FeB phases resulted in 
high thermal stresses and consequent delamination of the diamond films. Hence, 
in the present work, borided high speed steel substrates with dual FeB/Fe2B 
surface layers as well as with single Fe2B surface layers were investigated. In this 
study, again, high pressure depositions gave low quality diamond films. The 
deposited films were covered with a large number of dark spherical “particles”, 
referred to as black deposits, with a typical size of 100 nm in diameter. When the 
deposition was carried out at a lower pressure of 5 mbar, the results were greatly 
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improved and good quality diamond films were synthesized. There were no 
considerable differences in the results between the samples with dual FeB/Fe2B 
boride phases and a single Fe2B boride phase. So, samples with both FeB and 
Fe2B phases were considered for further investigations as it was quite time 
consuming to prepare samples with Fe2B phases alone. Though low pressure 
depositions showed better results, the formation of black deposits remained a 
problem. The black deposits were found to be graphite based carbon phases 
formed due to the reaction between iron boride phases and atomic hydrogen. 
This resulted in the formation of free iron on the surface, which was known for 
its catalytic activity for the formation of graphite. A two step deposition method, 
with a relatively high methane percentage in the first step provided an effective 
solution for a good quality and adherent diamond coating. These coatings were 
then analyzed for their wear behaviour under small amplitude oscillatory 
motions, known as fretting.   
 
Values for the average coefficient of friction (COF), µ, were derived from so 
called fretting loops in which the tangential force is measured versus the 
imposed displacement. The results showed that diamond coated samples 
exhibited a very low coefficient of friction (COF) and outperformed the as-
borided steel samples. In general, for all the loads, significant wear on the 
corundum balls was observed. The tribological behaviour of the coated and 
uncoated steel samples was also tested using a dry sand rubber wheel apparatus. 
Measurements were carried out with two types of abrasive media: sand particles 
and aluminum oxide particles. For both abrasives, the diamond coated samples 
showed considerably less wear compared to the uncoated steel samples. 
  
Chapter 6 illustrates the deposition and fretting wear behaviour of diamond 
coatings on high speed steel substrates using a WC-Co interlayer of 20 µm 
thickness. Similar to the procedure followed for the borided substrates, diamond 
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depositions were performed in two steps. During the nucleation stage, a higher 
CH4 concentration was applied for 20 minutes. The CH4 concentration and 
duration of the growth stage was varied from run to run. The surface 
morphology of the WC-Co layer was found to be the major limitation. The 
diamond coatings were very rough, consisting of ballas-like agglomerated 
diamond crystals, replicating the interlayer morphology. An attempt was made 
to solve this problem by polishing the interlayered steel specimens before 
diamond deposition. In this way, the roughness of the WC-Co layers was 
reduced from 7 µm to about 3µm on average, although locally areas with 
strongly different roughnesses still could be distinguished. These samples were 
then subjected to tribological studies. Both fretting wear tests and dry sand 
wheel abrasion tests confirm that diamond coating improves the wear resistance 
of the steel samples.  
 
Finally, in Chapter 7 the use of vanadization is described as a pretreatment for 
diamond deposition. Steel substrates were vanadized by a thermoactive 
diffusion process resulting in vanadium carbide (V4C3) layer of about 4 µm 
thickness. All the depositions were performed in two steps. The influence of 
substrate temperature, duration of the growth stage and methane concentration 
on the diamond deposition was studied. The studies indicated that, in general, 
the nucleation rate and the adhesion of the diamond coating are very poor for the 
vanadized samples. A possible explanation for this is the lack of chemical 
reactivity between the carbon atoms and the vanadium carbide substrate layer, 
which leads to poor chemical bonding 
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Samenvatting 
 
De succesvolle toepassing van lage-druk depositietechnieken heeft in de 
afgelopen decennia radicale veranderingen teweeggebracht op het gebied van 
diamantonderzoek. Zo is het mogelijk geworden diamant te groeien in 
verschillende vormen, zoals dunne films op oppervlakken, vrijstaande lagen, 
drie-dimensionale vormen, enz. Diamant biedt enkele buitengewone 
eigenschappen, zoals een zeer hoog warmtegeleidingsvermogen, transparantie 
over een breed golflengtegebied, extreme slijtageweerstand, elektrisch 
isolatievermogen en chemische inertie. Al deze eigenschappen maken lage-druk 
depositie van diamant interessant voor een toenemend aantal toepassingen op 
velerlei gebied, variërend van slijtvaste gereedschapsonderdelen tot 
laseroptische vensters.  
 
Het onderzoek dat in dit proefschrift wordt gepresenteerd betreft de toepassing 
van dunne diamantlagen als slijtagebestendige coatings op stalen materialen. 
Staal is een veel toegepast kwalitatief hoogwaardig constructie- en 
gereedschapsmateriaal. Door het aanbrengen van een diamantlaag kan de 
slijtageweerstand worden verbeterd. Het eerste doel van dit onderzoek was het 
analyseren en oplossen van de problemen en beperkingen van diamantdepositie 
op snelstalen substraten. Het tweede doel was het onderzoek naar de 
tribologische eigenschappen van de aangebrachte diamantlagen. 
 
Om diamantlagen op de stalen substraten te deponeren is de hete-gloeidraad 
chemische-damp depositie (HFCVD) techniek toegepast. Het belangrijkste 
vereiste om de aantrekkelijke eigenschappen van diamantlagen te kunnen 
benutten is een sterke hechting aan het substraat, hetgeen voor stalen substraten 
zeer moeilijk te verkrijgen is. Dit is een gevolg van de chemische processen 
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tussen staal en koolstof. Koolstof diffundeert snel in staal en staal werkt als een 
katalysator voor de vorming van grafiet. Bovendien zijn de thermische 
uitzettingscoëfficiënten van staal en diamant zeer verschillend. Vanwege deze 
problemen moeten andere methoden dan directe depositie van diamant op staal 
worden onderzocht, zoals de toepassing van tussenlagen, 
oppervlaktebehandelingsmethoden, legeringen, enz. In hoofdstuk 2 wordt een 
samenvatting gegeven van de verschillende methoden om diamantlagen op 
stalen substraten te deponeren, hun resultaten en de tribologische 
karakterisering. 
 
Ondanks de te verwachten problemen is getracht om diamantlagen direct op 
snelstalen substraten aan te brengen, zoals beschreven in hoofdstuk 3. Gesloten 
diamantlagen konden worden gedeponeerd door middel van een drie-staps 
proces. De eerste stap dient als carburisatie stap bij hoge methaan concentratie, 
resulterend in de vorming van Fe3C en Cr2C3 fasen. Deze carbides functioneren 
als diffusiebarrière voor zowel ijzer- als koolstofatomen en reduceren de 
incubatietijd voor diamantnucleatie. In de tweede stap worden de staalmonsters 
vervolgens onderworpen aan ultrasone abrasie om de nucleatiedichtheid te 
vergroten. De derde stap bestaat uit de daadwerkelijke diamantdepositie bij lage 
methaanconcentratie. De verkregen diamantlaag vertoont een goede hechting 
aan het substraat. Echter de oppervlakteruwheid blijkt te groot voor praktische 
toepassingen.  
 
In hoofdstuk 4 worden de resultaten gepresenteerd die zijn verkregen door CrN 
tussenlagen te gebruiken als diffusiebarrière voor de diamantdepositie op staal. 
Er blijken veel kritische parameters te zijn die de diamantnucleatie en –groei op 
staal beïnvloeden en bepalend zijn voor de succesvolle depositie van goed 
hechtende en gesloten diamantlagen, waaronder de oppervlaktebewerking, dikte 
van de tussenlaag, substraattemperatuur en dampdruk. Een gedetailleerde 
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systematische studie is uitgevoerd om het effect van deze parameters na te gaan. 
Substraten met verschillende oppervlaktebewerkingen werden geprepareerd met 
behulp van vonkerosie (EDM). Een optimale structuur voor diamantdepositie 
werd gevonden, waarbij de oppervlaktetextuur een belangrijker rol blijkt te 
spelen dan de ruwheid. Hierop zijn CrN tussenlagen van verschillende dikten 
aangebracht door middel van PVD. Een laagdikte van 2.5 µm blijkt het meest 
geschikt voor diamantdepositie. Het depositieproces blijkt verder kritisch 
afhankelijk te zijn van de reactordruk en substraattemperatuur. Vanwege een 
met de druk afnemende vrije weglengte, en daarmee de levensduur, van de voor 
de diamantnucleatie verantwoordelijke koolwaterstof radikalen is de 
nucleatiedichtheid omgekeerd evenredig met de druk. Bij een druk lager dan 10 
mbar wordt een gesloten diamantlaag verkregen, waarbij echter delaminatie kan 
optreden als gevolg van thermische spanning. Een druk van 5 mbar blijkt 
optimaal om een niet loslatende laag te verkrijgen; bij lagere druk is de 
nucleatiedichtheid en groeisnelheid te laag. Als gevolg van deze nauwe 
procesgrenzen is reproduceerbaarheid een probleem.  
 
In hoofdstuk 5 wordt de succesvolle toepassing van geboreerd staal voor 
diamantdepositie beschreven. De geboreerde staaloppervlaktelaag, bestaande uit 
FeB en Fe2B fasen, blijkt een effectieve diffusiebarrière te zijn. Voorgaande 
studies hebben aangetoond dat de aanwezigheid van de FeB fase resulteert in 
grote thermische spanningen met delaminatie van de diamantlaag als gevolg. In 
dit onderzoek zijn geboreerde snelstalen substraten met zowel de duale 
FeB/Fe2B fase als uitsluitend de Fe2B fase onderzocht. Bij lage druk werden 
diamantlagen van goede kwaliteit verkregen, zonder aanmerkelijke verschillen 
tussen de beide soorten substraten. In het verdere onderzoek zijn daarom 
substraten met de duale FeB/Fe2B fase bestudeerd. Een optredend probleem was 
de depositie van “zwarte” deeltjes (zo genoemd omdat ze zwart overkomen in 
de SEM beelden) met typische afmetingen van 100 nm. Deze zwarte deeltjes 
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blijken uit koolstof te bestaan in de vorm van grafiet als gevolg van een reactie 
tussen ijzerboride en atomair waterstof. Deze reactie resulteert in de vorming 
van ijzeratomen aan het oppervlak, waarvan bekend is dat ze een katalytische 
werking hebben met betrekking tot de vorming van grafiet. Een twee-staps 
depositie methode met een relatief hoge methaan concentratie in de eerste stap is 
toegepast om goed hechtende diamantlagen van hoge kwaliteit te produceren. 
Deze samples zijn vervolgens geanalyseerd op hun tribologische eigenschappen. 
 
In frettingtesten is de wrijvingscoëfficiënt tussen het sample en een zich daarop 
in oscillerende beweging bevindende corundum kogel bepaald door meting van 
de tangentiale kracht versus de verplaatsing. De resultaten laten zien dat de 
diamant gecoate geboreerde stalen substraten een zeer lage wrijvingscoëfficiënt 
bezitten, aanzienlijk beter dan de niet gecoate geboreerde samples. In alle 
gevallen blijkt de corundum kogel wel aanzienlijke slijtage te vertonen. Het 
tribologische gedrag is ook bestudeerd in rubberwieltesten waarin slijtage als 
gevolg van abrasieve media, nl. zand en aluminiumoxide deeltjes, wordt 
gemeten. Voor beide media vertonen de diamant gecoate samples aanzienlijk 
minder slijtage dan de niet-gecoate stalen substraten.  
 
De toepassing van een 20 µm dikke WC-Co tussenlaag op snelstalen substraten 
wordt beschreven in hoofdstuk 6. Evenals voor diamantdepositie op geboreerd 
staal werden goede resultaten behaald in een twee-staps proces, een 
nucleatiefase van 20 minuten met hoge methaanconcentratie en een groeifase 
waarvoor de tijdsduur en methaanconcentratie werd geoptimaliseerd. De 
oppervlaktemorfologie van de WC-Co laag blijkt echter zeer ruw te zijn, wat 
door de diamantlaag wordt gerepliceerd. Door de tussenlaag te polijsten kan de 
ruwheid worden teruggebracht van gemiddeld 7 naar 3 µm, maar grote lokale 
verschillen in ruwheid blijven bestaan. Deze samples zijn vervolgens onderzocht 
op hun tribologische eigenschappen. Zowel fretting- als rubberwieltesten lieten 
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een verbetering van de slijtageweerstand van de WC-Co gecoate stalen 
substraten zien door het aanbrengen van de diamantlaag.   
 
Tenslotte is gevanadiseerd staal onderzocht op de geschiktheid voor 
diamantdepositie. Door middel van een diffusieproces is een 4 µm dikke 
vanadiumcarbide (V4C3) laag aangebracht op snelstalen substraten. In een twee-
staps proces werd een bijna gesloten zeer dunne diamantlaag verkregen met 
enkele kleine lokale delaminaties, zoals beschreven in hoofdstuk 7. De 
diamantlaag blijkt echter niet goed te hechten aan het substraat. Dit is mogelijk 
het gevolg van een onvoldoende chemische reactiviteit tussen het 
vanadiumcarbide en de koolstof atomen gedurende de groei van de 
diamantlaag. 
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